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ABSTRACT 

High hardness, strength, and toughness are the properties required of thick wear-
resistant steel plate. To meet these requirements, special care must be taken in the 
manufacture of the plate. The manufacturing steps for thick plate involve thermal 
cutting, such as flame cutting, which is the most generally applied cutting method 
for thick plate in the steel industry. Flame cutting is performed with a heating flame 
and oxygen jet, which creates a cut edge on the steel plate. It is a suitable method for 
thick steel plates and high production rates due to the exothermal reaction during 
the cutting process. However, flame cutting also causes problems. Due to the steep 
thermal gradient, a heat affected zone (HAZ) is formed at the cut edge. The HAZ 
includes microstructural changes and hardness variations. In addition, high residual 
stresses are generated in the cut edge. In the worst case, the flame cutting causes 
cracking of the plates.  

The main purpose of this work is to identify the main contributors behind the 
cracking phenomenon of thick plates in flame cutting. In addition, the goal is to give 
guidelines for a more effective flame cut process and to determine the most suitable 
microstructural characteristics for thick wear-resistant steel plates and flame cutting. 
To achieve these goals, a trial batch of thick wear-resistant steel plates was 
manufactured. The plates were flame cut with different cutting parameters and the 
residual stress state of the flame cut samples was measured by X-ray diffraction. In 
addition, both original and flame cut samples were characterized by electron 
microscopy and mechanical tests.  

The results of this study showed that residual stress formation during flame 
cutting can be controlled by choosing the right cutting parameters. Preheating and a 
slow cutting speed produced the most beneficial residual stress state: higher 
compressive stresses and lower tensile stresses. In addition, it was shown that 
cracking increased with increasing segregations in the plate structure. Furthermore, 
long horizontal prior austenite grain boundaries were found to create beneficial sites 
for crack formation and propagation. Therefore, in plate manufacturing it is 
recommended to aim for a small and equiaxed prior austenite grain structure. In 
addition, it is advantageous to reduce the amount and severity of the segregations in 
the structure when possible.          
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TIIVISTELMÄ 

Paksuilta kulutuskestäviltä teräksiltä vaaditaan korkeaa kovuutta, lujuutta ja sitkeyttä. 
Näiden ominaisuuksien saavuttaminen vaatii erityistä huomiota levyjen 
valmistuksessa. Valmistusvaiheisiin kuuluu levyjen leikkaaminen, jossa usein 
käytetään polttoleikkausta. Se on yleisimmin teollisuudessa käytetty menetelmä 
paksujen teräslevyjen leikkaukseen.  Polttoleikkauksessa levy leikataan käyttäen 
kontrolloitua lämmitysliekkiä sekä happisuihkua. Leikkauksessa tapahtuvan 
eksotermisen reaktion vuoksi menetelmä soveltuu hyvin paksuille levyille sekä 
suuriin valmistusmääriin. Polttoleikkaus aiheuttaa kuitenkin myös ongelmia. Suuren 
lämmöntuonnin vuoksi leikkausreunaan syntyy lämpövaikutusalue, jossa tapahtuu 
mikrorakennemuutoksia sekä kovuusvaihtelua. Lisäksi leikkausreunaan muodostuu 
korkeita jäännösjännityksiä ja pahimmassa tapauksessa säröjä.  

Tutkimuksen päätavoite on tunnistaa paksujen levyjen polttoleikkauksen 
yhteydessä tapahtuvan säröilyn päätekijät. Tavoitteena on myös antaa ohjeet entistä 
tehokkaampaan polttoleikkausprosessiin ja määrittää polttoleikkauksen kannalta 
suotuisimmat mikrorakenteelliset ominaisuudet paksuille levyille. Tutkimusta varten 
valmistettiin koesarja paksuja kulutuskestäviä teräslevyjä. Levyt leikattiin eri 
leikkausparametreja käyttäen ja leikkausreunan jäännösjännitystila määritettiin 
röntgendiffraktiolla. Lisäksi sekä polttoleikatut että leikkaamattomat 
perusmateriaalinäytteet karakterisoitiin elektronimikroskoopeilla ja mekaanisilla 
testeillä. 

  Tutkimuksen tulokset osoittivat, että jäännösjännitysten muodostumista 
leikkausreunaan voidaan kontrolloida polttoleikkausparametrien avulla. Esilämmitys 
ennen leikkausta ja hidas leikkausnopeus tuottivat parhaan jännitystilan: enemmän 
puristusjännitystä ja alhaisemman vetojännityksen. Lisäksi havaittiin, että levyjen 
halkeilu lisääntyi, kun levyissä olevien suotaumien määrä kasvoi. Rakenteessa olevat 
pitkät horisontaaliset alkuperäisen austeniitin raerajat muodostavat suotuisia 
paikkoja särön muodostumiselle sekä etenemiselle. Näistä syistä on suositeltavaa, että 
levyjen valmistamisessa tähdätään pienikokoiseen ja tasa-aksiaaliseen 
primääriausteniittiin. Lisäksi valmistuksen tulisi minimoida rakenteessa olevien 
suotaumien määrää sekä pyrkiä heikentämään niiden pitoisuutta.             
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1 INTRODUCTION  

Thick wear-resistant steel plates are utilized in demanding applications where high 
hardness and strength are needed, for example in the mining industry and mining-
related wear components. One important step in the production of such 
components is the cutting of the plates with a thermal cutting method such as flame 
cutting. Flame cutting is the most commonly applied method as it is suitable for 
thick plates and high production rates. Cutting is performed with a controlled flame 
and oxygen jet, which burns the steel and forms the cut edge. However, the flame 
cutting of thick wear-resistant steel plates also causes problems. Flame cutting forms 
a heat affected zone (HAZ) and high residual stresses at the cut edge of the steel 
plate.  In the worst case, the wrong cutting practices can cause the cut edge to crack, 
which leads to rejection of the plates. 

Residual stresses are internal stresses inside the material or component and are 
caused by practically every manufacturing or processing method. In general, tensile 
stresses are harmful and compressive stresses are beneficial, for example in fatigue 
resistance or preventing crack formation. Residual stresses in flame cutting can be 
divided into thermal stresses and transformation stresses, depending on their origin. 
Thermal stresses are caused by temperature differences, which induces local thermal 
expansion and contraction. In contrast, transformation stresses arise from local 
microstructural transformations, which are accompanied by changes in volume.   

To achieve high hardness and toughness, thick wear-resistant steel plates have a 
certain type of microstructure and alloying elements. Generally, these steels have a 
mainly hard martensitic microstructure, which is formed due to quenching (heating 
and fast cooling) and alloying elements are used to increase the hardenability (i.e., 
ability to form martensite). However, the thickness of the plates makes production 
and cooling complicated, which often leads to segregations and microstructural 
banding. For this reason, both the mechanical properties and microstructure of the 
plates can differ depending on the location of the thickness direction. The layered 
structure combined with the high residual stresses formed during flame cutting can 
create an adverse environment, which increases the risk of crack formation.   
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1.1 Aim of the work 

The aim of this study is to identify the main contributors behind the cracking 
phenomenon of thick wear-resistant steel plate in flame cutting. In addition, the 
objective is to present suitable cutting practices that reduce the cracking of steel plate 
and therefore increase the effectiveness of the flame cutting process. Another goal 
is to identify the most beneficial microstructural characteristics and mechanical 
properties of thick wear-resistant steel plate to improve cracking resistance in 
cutting. The results of the work will eliminate or reduce plate cracking in flame 
cutting and therefore increase the quality and efficiency of the process. A further aim 
is to provide guidelines and improve the processing of thick plate in both the steel 
industry and among end users. In addition, this study will contribute to knowledge 
of residual stress formation and the cracking phenomenon, which can also be utilized 
for example in welding applications. 

In order to achieve these goals, a trial batch of thick wear-resistant steel plates 
were industrially manufactured for this study. Both original and flame cut plate 
samples were comprehensively studied by electron microscopy and mechanical 
testing. In addition, the residual stresses formed at the cut edge were measured 
extensively by X-ray diffraction to evaluate their effect on cracking and to determine 
the optimal cutting practices.  

The research was done in collaboration with the SSAB Europe Oy Raahe 
Steelworks (formerly Ruukki until 2014) and includes five publications. The structure 
of the research work and the publications are presented in Figure 1.  

 

Figure 1.  The structure of the research work including Publications I-V.  
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1.2 Research questions  

The two main research questions of this thesis are as follows:  

1. What are the main factors contributing to the cracking phenomenon of thick 
wear-resistant steel plates in the flame cutting process? 

2. How can flame cutting practices and steel plate characteristics be optimized 
in order to avoid cracking and have an effective cutting process?  

The factors include steel characteristics such as alloying, segregation, impurities, 
microstructure, heat treatment history, and manufacturing history. These research 
questions are answered and the main scientific contribution of this work is presented 
in Chapter 5.    
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2 THEORY 

This chapter explains the basic theory behind this work and gives the reader a general 
overview of the topic. The theory is explained to make the results and conclusions 
more understandable.    

2.1 Thick wear-resistant steel plate  

Wear-resistant steels are well known for their excellent hardness, toughness, and 
strength. Due to these abilities, steel plate can withstand demanding conditions, like 
those faced for example in the mining industry (Figure 2). Typically, wear-resistant 
steels are exposed to the abrasive wear of soil, rocks, concrete, and other materials 
as they are used in crushers, materials and waste handling machinery, wear parts, and 
cutting plates. The qualities demanded of steel plate are durability, safety, long service 
life, and high performance in all typical wear applications. [1; 2] The wear resistance 
ability of steel plate depends mostly on its manufacturing process and chemical 
composition. The manufacturing of plate includes processes such as hot rolling and 
quenching. Hot rolling is executed for steel slabs at a specified temperature and force 
to ensure a certain prior austenite grain morphology and thickness for the 
manufactured plate. The prior austenite morphology can vary from elongated to 
equiaxed grains, which affects the mechanical properties of the steel. [3] The aim of 
quenching is to produce high hardness by means of martensitic transformation. The 
quenching is mainly carried out either conventionally (reheating and cooling) or by 
direct quenching (cooling directly on the production line). [4] 
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Figure 2.  The mining industry is a typical application area for thick wear-resistant steel plate. [5]  

As previously mentioned, the manufacture of thick wear-resistant steel plate 
generally aims at a martensitic microstructure, which has high hardness and strength. 
A martensitic microstructure can be produced by quenching, which means the fast 
cooling of steel having an austenitic microstructure (above ~800 °C, depending on 
the alloying of the steel). Martensitic transformation depends mostly on the cooling 
conditions, the carbon content, and the other alloying elements of the steel. Fast 
cooling prevents phase transformations from occurring by the diffusion mechanism 
(ferrite and pearlite transformations). Therefore, in fast cooling, carbon atoms do 
not have enough time to diffuse and they are trapped inside the solid solution of 
ferrite (bcc). Martensitic transformation occurs via a displacive mechanism, which 
includes a change in volume and high strain energy due to the trapped carbon atoms. 
During the transformation, the face-centered cubic (fcc) crystal structure of austenite 
changes to the highly strained body-centered tetragonal (bct) structure of martensite. 
[3; 6-8] Figure 3 presents the crystal structures of a) austenite (fcc), b) ferrite (bcc), 
and c) martensite (bct).  
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Figure 3.  Crystal structures of (a) austenite (fcc), (b) ferrite (bcc), and (c) martensite (bct) (modified 
from [8]). 

However, obtaining a martensitic structure in thick sections can be difficult, as the 
cooling rates may be slower in the interior. This can lead to bainite transformation, 
which takes place at slightly slower cooling rates compared to martensite 
transformation. Bainite transformation also includes a displacive mechanism. In 
spite of this, carbon atoms do have time to move and therefore they are not trapped 
as they are in martensite. [4; 9] The bainite structure consists of ferrite plates and 
cementite (iron carbide, Fe3C) particles. The cementite particles are formed either 
between the ferrite plates (upper bainite) or mostly inside the ferrite plates and also 
between the ferrite plates (lower bainite), depending on the cooling rate and carbon 
content [7]. The bainitic structure is less strained and therefore has lower hardness 
compared to the martensitic structure [7; 10].  

However, microstructural uniformity over the whole section of the plate and the 
martensite transformation can be enhanced by increasing the hardenability (i.e., 
ability to form martensite) of the steel. This is conventionally achieved by means of 
alloying elements, which suppress the diffusional transformations [3; 7]. Carbon is 
the main factor in increasing both the hardness and hardenability of the steel. On 
the other hand, large amounts of carbon also decrease the toughness and weldability 
of the steel.  Besides carbon, other typical alloying elements that increase the 
hardenability are manganese, chromium, molybdenum, silicon, vanadium, and 
boron. In addition, the hardenability increases with increasing prior austenite grain 
size, as the nucleation sites of ferrite decrease. [9] However, a large prior austenite 
grain size is not desirable as it also leads to lower toughness [7; 11]. 

Moreover, the solidification process of thick plate is complex. Solidification in 
continuous casting can occur unevenly and can be at different stages in different 
depths in the thickness direction. This can lead to uneven distribution of solutes 
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between solid and liquid, as the solubility in the solid phase is relatively small 
compared to that of the liquid phase [12; 13]. Therefore, the excess solutes of the 
solidifying phase are rejected in the coexisting liquid phase at the solid-liquid 
interface, which leads to solute build-up in the liquid phase. Consequently, the final 
solidifying liquid phases have a significantly higher solute content compared to the 
nominal composition of the steel. [13] These solute-enriched regions are called 
segregations and they can create a layered structure in the plate. [3; 13-15] The 
layered structure has an effect on both the microstructure [3; 16] and the mechanical 
properties of the plate [14-17]. Segregations can be classified as macrosegregations 
or microsegregations depending on their size [18; 19].  Microsegregations are 
confined in microscopic areas and are often considered less harmful, as they 
generally contain a smaller amount of segregated atoms [18]. However, 
macrosegregations extend beyond microscopic and their size can vary from a few 
hundred to several thousand microns. They can extend throughout the length of the 
casting and therefore are considered to be more harmful in relation to the steel 
properties. [20; 21] The formation of macrosegregations is mainly caused by a build-
up of microsegregations [19]. Segregations are typically located in the center of the 
plate and they have been shown to contain significantly larger amounts of carbon, 
phosphorus, and manganese compared to the nominal composition of the steel [13]. 
In addition, Pikkarainen et al. [22] showed that segregations have elevated 
concentrations of carbon, silicon, manganese, chromium, nickel, and molybdenum. 
Both of the latter studies showed that the amount and severity of the segregation 
depend on the manufacturing process of the plate [13; 22].   

2.2 Flame cutting 

Manufacturing and processing of thick wear-resistant steel plate involves cutting. 
However, the high hardness, strength, and toughness of the plate and high 
production rates of the steel industry set certain limitations on cutting. As the 
thickness, hardness, and strength of the plate increase, more energy is required for 
cutting. Therefore, mechanical cutting for example is not practically suitable for this 
kind of application as it is both difficult and slow. The most commonly applied 
methods for thick plate in the steel industry are thermal cutting methods such as 
flame cutting. Figure 4 shows some industrial flame cutting equipment.  
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Figure 4.  Industrial flame cutting equipment.  

Flame cutting is performed with a heating flame and oxygen jet, which provides a 
continuous chemical reaction between oxygen and iron [23]. The ignition 
temperature of pure iron is above 870 °C and the rapid oxidation of iron occurs via 
three reactions [24]:  

1. Fe + O → FeO + heat (267 kJ) 

2. 3Fe + 2O2 → Fe3O4 + heat (1120 kJ) 

3. 2Fe + 1.5O2 → Fe2 O3 + heat (825 kJ) 

The second reaction releases the most heat from the oxidation reactions. The first 
reaction releases the least heat and is a supplementary reaction in most cutting 
applications. In addition, the third reaction mostly occurs in heavy cutting 
applications. [24] As the reactions between oxygen and iron release heat (energy), 
the flame cutting process is exothermal. This generated heat maintains the cutting 
process and enables cutting of thick sections, which is one of the biggest advantages 
compared to other thermal cutting methods such as plasma and laser cutting. [25; 
26] 

In practice, the flame cutting process consists of three steps [23; 25; 27; 28]: 

1. Steel is locally heated to its ignition temperature with an oxyfuel gas flame. 
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2. The heated location is then exposed to an oxygen jet, which reacts with iron 
forming iron oxide and creates a cut edge on the steel. 

3. The oxygen jet removes the iron oxide from the cut edge and exposes the 
new clean surfaces for further cutting. 

Flame cutting also sets certain conditions on the cut material [28]:  

 The cut material must burn with pure oxygen and form fluid oxides, which 
can be removed from the cut edge by the oxygen jet.  

 The melting temperature of the material must be higher than the ignition 
temperature; otherwise, the cut location melts before the ignition 
temperature is reached.  

 The heat generated should be as high as possible. If the burning reaction 
does not produce enough heat, the ignition temperature cannot be 
maintained during cutting. 

 The cut material should have low thermal conductivity. High thermal 
conductivity prevents reaching of the ignition temperature and thus flame 
cutting (for example copper). 

 The melting point of the formed oxide should be lower than the melting 
point of the cut material.  

Pure iron and most steels fulfil these conditions. The flame cuttability of steels 
depends on the alloying. A higher carbon content elevates the ignition temperature 
and therefore deteriorates flame cuttability. In addition, nickel, chromium, and 
wolfram worsen the flame cuttability as their oxides have high melting points. [28] 

During flame cutting, the temperature gradient near the cut edge is very steep 
over a short distance. For this reason, a heat affected zone (HAZ) is formed at the 
cut edge of the plate, similarly for example to the zone formed in welding [29; 30]. 
HAZ contains hardness variations and microstructural changes [26; 29; 31; 32]. 
Higher hardness values are observed closer to the cut edge and the values decrease 
while going deeper the cut edge [26; 29]. During flame cutting, the structure closest 
to the cut edge partially exceeds the Ac3 temperature and therefore is transformed 
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into austenite. During cooling, these austenitic regions are transformed into 
martensite or bainite, depending on the cooling rate [33]. Behind this region, the rest 
of the HAZ structure undergoes elevated temperatures, causing the tempering of the 
structure.  

Tempering is generally divided into four stages [7; 34]:   

 < 250 °C: martensite partially loses its tetragonality as trapped carbon atoms 
diffuse from the lattice. Formation of -iron carbide (Fe2.4C). 

 200 – 300 °C: decomposition of retained austenite.  

 200 – 350 °C: formation of cementite (Fe3C), which most likely nucleates 
in -iron carbide interfaces and in both interlath boundaries of martensite or 
prior austenite boundaries. Martensite loses its tetragonality. 

 >350 °C: coarsening and spheroidizing of cementite and recrystallization of 
ferrite.  

However, the above-described reactions are also affected by both the tempering time 
and the composition of the steel. In addition, there has not been any evidence of -
iron carbide formation in the first stage of tempering in low carbon steel [35]. The 
aim of tempering is generally to reduce the brittleness of martensite while it also 
lowers the hardness and strength of the structure [3; 7]. 

In addition, flame cutting parameters affect the properties and width of the HAZ. 
A slow cutting speed produces a wider HAZ and the width decreases by increasing 
the cutting speed [32]. The HAZ is also wider on the top surface and the bottom 
side of the plate, as the cutting torch heats the upper side of the plate and the molten 
iron oxide heats the bottom side of the plate. [26] There have also been results [36] 
showing that the chemical composition of the cut edge changes during flame cutting. 
The content of silicon, chromium, and manganese decreased while the carbon 
content increased near the cut edge. This was explained by the fact that elements 
have different affinities to oxygen than iron has. Nevertheless, the carbon content 
increased due to the carburizing of the cut edge as the steel interacted with gases 
containing carbon compounds. [36] Other studies have also indicated increased 
carbon content close to the cut edge [33; 37].    
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2.3 Residual stresses  

Residual stresses are an unavoidable by-product of almost all manufacturing 
processes and can also arise during service [38]. Many unexpected failures have been 
initiated by the presence of residual stresses combined with service stresses. Residual 
stresses exist in the material without external load. They arise as an elastic response 
to incompatible local strains in the material, for example, due to non-uniform plastic 
deformations. The surrounding material must deform elastically to maintain the 
dimensional continuity thus creating residual stresses. [39] They have a significant 
effect on component performance and service life [40; 41]. Generally, residual 
compressive stress state is favorable, as it increases fatigue resistance and prevents 
cracking. In contrast, residual tensile stress state is typically unfavorable and has the 
reverse effect. [42; 43] For example, in cracking point of view, residual compressive 
stresses press the structure together and therefore prevent the crack initiation and 
propagation. In contrast, residual tensile stresses pull the structure apart and 
therefore promote the crack initiation and propagation. Sometimes residual 
compressive stresses are introduced deliberately, for example shot peening is applied 
to produce compressive residual stresses in the surface layer of the components to 
improve their fatigue life. [41; 44; 45]  

Residual stresses can be divided into three types (I, II, III) depending on their 
range and magnitude. Type I stresses are macrostresses, which have long-range effect 
and are often referred to as the most important because they equilibrate over 
macroscopic distances, such as components and structures. In contrast, types II and 
III are microstresses, which are short-range and therefore predicting their effect can 
be difficult. Type II stresses act on the grain scale and normally exist in a 
polycrystalline structure where the elastic and thermal properties between 
neighboring grains can vary. Type III stresses are atomic scale and are balanced 
within the grain. Typical sources can be dislocations or point defects in the structure. 
[39; 40] The residual stress types are schematically presented in Figure 5. These three 
residual stress types have to be considered when choosing the residual stress 
measuring method. Most of the material removal methods, such as hole drilling, only 
measure type I stresses as the shorter range stresses (type II and III) are averaged to 
zero in the sampling area. However, in diffraction-based measuring methods, type 
II stresses can be recorded superimposed on type I as the sampled area can have a 
particular phase or grain orientation and the stress value is derived from a specific 
wavelength and diffraction condition [40].  



 

28 

 

Figure 5.  Residual stress types: macrostresses ( ) and microstresses ( , ) (modified from 
[40]). 

2.3.1 Residual stresses in flame cutting 

Flame cutting causes an uneven temperature distribution in the plate, which 
introduces residual stresses. In the case of flame cutting, residual stresses can be 
divided into two types: thermal and transformation stresses. Thermal stresses 
originate from the different heating and cooling rates experienced by the surface and 
interior of the steel plate. [7] These temperature changes cause volume expansions 
at the cut edge, which are constrained by cold surroundings. As the temperature 
rises, the yield strength of the heated region decreases and eventually the stress 
exceeds the reduced yield strength, leading to a plastically deformed (compressed) 
region near the cut surface. During cooling, the contraction of the plastically 
deformed surface region is restricted by undeformed regions, thus causing residual 
tensile stress state close to the cut edge. In contrast, transformation stresses arise 
from different microstructural transformations, which are accompanied by volume 
changes. For example, martensite transformation is known to induce volume 
expansion. This volume expansion can be incompatible with the surroundings, 
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which leads to the formation of residual compressive stress state in the martensite 
region and tensile stresses in the surrounding regions. [7] In both cases, residual 
stresses originate from volume misfits of different regions of the material [40; 41]. 
Residual stresses have a significant effect on the mechanical behavior of the materials 
or components. The magnitude of residual stresses depends on the material 
properties, component geometry and utilized manufacturing methods such as heat 
treatments and cutting processes. [46; 47] 

Lindgren et al. [48] studied the residual stress state of the flame cut edges of 50 
mm thick steel plates by hole-drilling strain gauge method and simulations. Close to 
the flame cut edge there was a narrow area of residual compressive stresses (or low 
tensile stresses). This compressive stress region was around 1 mm wide and after this 
region, the residual stress state changed rapidly to high tensile stress. The peak tensile 
stress values were around 2-3 mm from the flame cut edge. There were more 
compressive stresses and the tensile stress values were considerably lower in the 
preheated samples. After the tensile stress peak, the residual stresses leveled back to 
zero. In addition, Thomas et al. [33] studied residual stresses of flame cut steel plates 
with strain gauges and notch sawing. Investigations showed a narrow compressive 
stress area near the cut edge after which there was tensile stresses. Thiébaud et al. 
[49] studied residual stresses produced by flame cutting with sectioning of the plates. 
In their investigations, there was a high tensile stress peak near the flame cut edge, 
which was balanced by compressive stresses deeper in the material. Based on their 
results, Thiébaud et al. [49] concluded that the three main factors affecting residual 
stress formation are heat input, plate geometry, and previous residual stress state. 
Zhiyuan et al. [50] studied the factors affecting residual stress distribution, i.e., 
cutting speed, cutting dimensions, and constraint conditions by simulations and 
impact-indentation stress measurement method. The residual tensile stresses were 
distributed over quite a narrow zone and the width of the tensile stress zone 
decreased with increasing cutting speed. The maximum values of the tensile stress 
were not changed much by different cutting speeds. [50]  

2.4 Residual stress measurement methods 

The measurement of residual stresses is challenging, as they exist inside the material. 
In addition, residual stresses can be rather local which further complicates the 
measurements. The measurements are indirect as strain or the displacement is 
measured, from which the stresses are subsequently interpreted. Figure 6 shows the 
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variety of different residual stress measuring methods, their depth penetrations, and 
spatial resolutions. Residual stress measurement methods can be divided into 
destructive testing and non-destructive testing (NDT). [39] 

 

Figure 6.  Different residual stress measurement methods and their depth penetration vs. spatial 
resolution [39]. 

Destructive methods are based on the relaxation of the residual stresses by cutting 
or material removal. This relaxation or elastic deformation exhibits a relationship 
between material deformation and released residual stresses. This is the basic 
concept of destructive methods and there are many different technologies for cutting 
and measuring the deformations. [39] Typical examples of destructive methods are 
hole drilling and sectioning. These mechanical measuring methods are necessarily 
destructive and therefore cannot be directly checked by repeat measurement. In 
addition, their spatial and depth resolution are less than those of X-ray diffraction. 
[51] 
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Hole-drilling method 

The hole-drilling method [52] is probably the most commonly applied destructive 
technique for measuring residual stresses. It includes drilling a small hole into the 
surface of the sample and measuring the deformations of the surrounding surface. 
The deformations are traditionally measured by strain gages or using optical 
techniques. Hole-drilling method is widely used as it is quite fast and gives reliable 
results from different types of samples. [39] Several studies [53-55] have used the 
hole-drilling method effectively for residual stress determination.       

Sectioning method 

The sectioning method involves sequential cutting of the sample. The deformations 
of the sample are typically measured by strain gages, which are placed on the sample 
before cutting. The deformations measured from the various parts provide 
information which can be used to determine both the amount and the location of 
the original residual stresses. [39; 56; 57]  

Non-destructive techniques (NDT) such as diffraction methods measure residual 
stresses without any cutting or sectioning of the sample. Therefore, the sample can 
remain in service after the residual stress measurement. Diffraction methods are 
based on the ability of electromagnetic radiation to measure the distance between 
atomic planes in crystalline or polycrystalline. The methods can effectively measure 
inter-planar crystal dimensions, which can be related to the magnitude and directions 
of the residual stresses existing in the material. Examples of diffraction methods are 
X-ray diffraction, synchrotron X-ray, and neutron diffraction. [39]  

X-ray diffraction 

X-ray diffraction (XRD) methods are some of the most commonly used techniques 
to determine residual stresses. These methods enable the measurement of the inter-
atomic lattice spacing, which contains information on the strains from the irradiated 
location. The strains can be used to determine the residual stress state of the material. 
XRD is considered to be a surface stress measurement method as the applied 
wavelengths are capable of penetrating only a few microns into most materials. [39; 
51] XRD techniques have been used, for example, to measure residual stresses from 
the surface of thick plate welds as they provide rapid, accurate, and high-resolution 
results [58]. The X-ray diffraction method used in this research is described more 
precisely in section 3.2.1.  
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Synchrotron diffraction  

Synchrotron diffraction applies X-rays in a similar fashion to the traditional XRD 
method. However, the X-rays are much more intense and possess higher energy and 
therefore penetrate deeper into the material (tens or even hundreds of mm). This 
enables measuring of the bulk stresses of the samples. The source of these X-rays 
are at synchrotron facilities and the commonly used X-rays have energy greater than 
50 kV. This method is not considered to be as accurate as for example XRD. [39] 
However, the development of detector technology has made the synchrotron 
method more possible by increasing precision in energy measurements [59].  

Neutron diffraction  

As with the previous method, neutron diffraction utilizes penetrating radiation to 
measure residual stresses. However, the neutrons interact directly with the nucleus 
of the atom as the X-rays interact with the electrons and therefore the contribution 
to the diffraction intensity is different. In addition, neutrons penetrate low Z (atomic 
number) and high Z materials equally well. The penetration depth of the neutrons is 
several centimeters and therefore the method can be used to measure the residual 
stresses inside the material without any sectioning. However, deeply penetrating 
methods, such as synchrotron X-ray and neutron diffraction, require precisely 
known unstressed lattice spacing of the measured crystallographic planes, as 
measured stress state is tri-axial. [39; 60] Neutron diffraction method has been used, 
for example, to investigate residual stress state in thick welded steel plates [61; 62]. 

As shown above, there are many possible methods to measure residual stresses and 
many factors have to be considered when choosing a suitable method: Why are 
residual stresses measured? Can the specimen be destroyed during the measurement? 
What is the specimen material, dimensions, and shape? Are measurements taken in 
the laboratory or in the field? What equipment and experience are available? 
Moreover, what is the location of the residual stresses (surface or interior)? [39]  

There are not many studies related to the residual stress formation in the flame 
cutting. Previously, hole-drilling and sectioning methods were utilized to study 
residual stresses formed in flame cutting [48; 49]. However, residual stress 
measurements are mostly used as verification for modeling the residual stress state 
[48; 50]. Lindgren et al. [48] applied hole drilling with the strain gage method to 
determine the residual stresses from a flame cut edge. The measurements were 
performed in nine locations around the flame cut surface and the results were used 
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to verify the results of the model. Thiébaud et al. [49] utilized a sectioning method 
to study the residual stress formation of thick steel plates during flame cutting. 
60 mm thick plates were sectioned into 10 and 20 mm wide strips to determine the 
residual stress state of the plate. However, the residual stress measurement methods 
utilized in above described studies have challenges for measuring residual stresses in 
flame cutting. Hole-drilling and sectioning methods are destructive methods and 
therefore measurements cannot be repeated. In addition, the accuracy and resolution 
of these methods do not necessarily match the residual stress state of flame cut steel 
plate.    

2.5 Crack formation in thick steel plates due to flame cutting   

In the worst case scenario, flame cutting causes cracks at the cut edge of steel plates. 
Typically, cracks are formed in the center region of the plates at the cut edge. In 
most cases, the cracks are small (~0.5-2 mm) and just beneath the cut edge. They are 
not open to the surface and therefore can only be detected with non-destructive 
ultrasonic inspections. However, sometimes the cracks could also be propagated 
catastrophically throughout the whole plate. Cracking is presented schematically in 
Figure 7. The cracking tendency increases as the plate hardness and thickness 
increases. However, it has been noticed that preheating lowers the residual tensile 
stresses and prevents cracking. Cutting without preheating creates large tensile 
stresses at the cut edge and results in cracking. [48] The cracking in flame cutting is 
sometimes called cut edge cracking and it has been suggested that it might also be 
related to hydrogen cracking [63]. In addition, the cracking of martensitic steels is 
often related to tempered martensite embrittlement (TME) [3; 64; 65] or temper 
embrittlement (TE) [3; 7; 64; 66]. Attempts have been made to overcome cracking 
in flame cutting in several ways: by changing the process gas [32; 67], reducing the 
cutting speed [63], and applying preheating [48; 63]. 
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Figure 7.  Crack formation in thick steel plates in flame cutting (modified from [68]). 

Hydrogen can be very harmful to steel and can lead to steel part failures. This 
phenomenon is known as hydrogen embrittlement and has been widely studied [69-
72]. Hydrogen may lead to damage whenever it is involved with metal during 
manufacturing. Hydrogen is highly mobile and soluble in molten steel and can be 
trapped inside the metal at high cooling rates [38]. Diffusible hydrogen is especially 
harmful and can lead to cracking or dramatic loss of toughness in steels. The stronger 
and harder the steel, the more susceptible it is to hydrogen embrittlement. Hydrogen 
atoms are attracted to stress concentrations such as crack tips. [7] In addition, the 
detrimental effects of the hydrogen are often enhanced with combination of residual 
tensile stresses. Hydrogen embrittlement can cause delayed cracking, which can 
occur even after a long period of time. [73] It can be avoided by controlling the 
hydrogen levels, the magnitude of the residual stresses, or the hardness of the local 
microstructure at the potential crack initiation sites [38].  

Martensitic steels exposed to elevated temperatures are susceptible to TME or 
TE. The danger of TME comes from tempering at around 300 °C and it is associated 
mostly with the formation of hard and brittle cementite in the interlath sites of 
martensite or in the prior austenite grain boundaries. Therefore, it lowers the 
toughness of the steel. In TME, the fracture surface is mostly transgranular (through 
the grain). In contrast, TE occurs at around 500 °C and is mostly related to the 
accumulation of impurity elements, such as antimony, phosphorus, tin, or arsenic, at 
the prior austenite grain boundaries, thus reducing the toughness of the steel. TE is 
usually more severe with steel containing a greater amount of alloying elements than 
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plain carbon steels. The fracture caused by TE is intergranular and depends on the 
co-segregation of substitutional alloying elements, which generally requires high 
temperatures and long times for diffusion, and impurity atoms at the prior austenite 
grain boundaries. The danger of TME and TE lies not only in these harmful 
temperature ranges but also slow cooling through these ranges can cause 
embrittlement of the steel. [3; 7; 64]   
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3 MATERIALS AND METHODS   

This chapter introduces the materials studied in this work. In addition, the 
experimental procedures are described so that the origins of the results of the work 
will be more understandable.  

3.1 Materials 

A trial batch of thick wear-resistant steel plates was manufactured at SSAB Europe 
Oy Raahe Steelworks (formerly Ruukki) for this study. The plates were hot-rolled 
using two different parameters (A, B), where steel plate A was hot-rolled above 
900 °C and steel plate B was hot-rolled below 900 °C. The hardness of the steels was 
400 HV and the plates were manufactured in three different thicknesses: 20, 40, and 
60 mm. The plates were sectioned into smaller pieces as shown in Figure 8. These 
pieces were then flame cut utilizing an oxyfuel propane gas flame and different flame 
cutting parameters such as different cutting speeds and preheating (performed in an 
industrial furnace under normal atmosphere). The length and width of the flame cut 
samples were 150 mm. Examples of a flame cut sample and the original plate are 
shown in Figure 8.  

 

Figure 8.  Wear-resistant steel plate with sectioning plan and an example of studied flame cut 
sample. 
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The compositions (analyzed by optical emission spectrometry (OES)) of the studied 
samples are listed in Table 1. In addition, glow discharge optical emission 
spectroscopy (GDOES) profiles were measured from some of the flame cut 
surfaces. The measurements were carried out using a GDA 750/GDA 550 
spectrometer.    

Table 1.  Compositions of studied steels.  

 

Ultrasonic inspection 

After flame cutting, the samples were inspected by ultrasound using Phasor XS 
16/16 Olympus ultrasonic equipment (Figure 9) and a MSEB 4 dual probe (4 MHz). 
The ultrasonic inspection results were verified by two separate researchers and by 
sectioning some of the samples after inspection. Figure 10 shows an example of an 
inspection view of an intact and a cracked sample.  The inspection view of the intact 
sample shows only the back wall echo peak. However, the view of the cracked 
sample shows another peak besides the back wall echo peak. This smaller peak is 
from the crack and the peak location indicates that the location of the crack is in the 
central region of the plate.      

 

Figure 9.  Ultrasonic inspection equipment (Phasor XS 16/16 Olympus). 
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Figure 10.  Inspection view of intact sample (left) and sample with defect (right). 

3.2 Material characterization 

3.2.1 Residual stress measurements  

Residual stress measurements of the flame cut samples were performed by the X-ray 
diffraction method (XRD). The equipment used was XStress 3000 (Stresstech Oy), 
shown in Figure 11.  

 

Figure 11.  On the left, the residual stress measurement equipment (XStress 3000) and on the right, 
the electropolishing machine (Movipol 5).   
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The measurement method is known as the modified Chi method [74], which is based 
on Bragg’s law: 2 =  (1) 

where  is the interplanar lattice spacing,  is the diffraction angle,  is the integer 
constant (1, 2, 3…), and  is the wavelength of the X-rays. The measuring of residual 
stresses is established on the calculation of the interplanar lattice spacing of the 
ferrite [211] plane from Bragg’s diffraction angle of 156°. The lattice plane spacing 
changes from a stress-free value to some other value, depending on the residual 
stress affecting the measurement location. For example, the lattice spacing is 
stretched by residual tensile stress and shortened by compressive stress. The lattice 
spacing  is measured using different  tilts, where the  is the angle between the 
normal of the specimen and the normal with the diffracting plane. The measured  
values form a slope as a function of sin2 , which can be used with elastic constants 
to calculate the residual stresses from the measured location. Residual stresses are 
calculated using the following equation [75]: 

= ( )    (2) 

where  is the residual stress in the measurement direction,  is Young’s modulus of 
the measured steel,  is Poisson’s ratio, and  is the slope from the lattice spacing 

 vs. sin2  curve. The steeper the gradient , the higher the residual stress level in 
the measurement location. The measurement parameters are shown in Table 2.  

Table 2. Residual stress measurement parameters. 

The residual stress measurements were performed in the centerline of the samples 
in two perpendicular directions ( ): the flame cut direction (0°) and the thickness 
direction (90°). These directions were chosen because they are the most critical 
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orientations for crack formation. In particular, residual stresses in the thickness 
direction are critical for cracking and for that reason they are the focus of this work. 
Measurement directions and locations are presented in Figure 12. 

To provide residual stress-depth profiles from the samples, the residual stress 
measurements were combined with electrochemical polishing (Movipol 5, Figure 11) 
to remove material from the measurement locations. Electrochemical polishing is 
one of the gentlest ways to remove material layers without disturbing the existing 
residual stress state in the sample [76]. The polishing was carried out using Struers 
A2 electrolyte (a mixture of 60 % perchloric acid, 65-85 % ethanol, 10-15 % 2-
butoxyethanol, and 5-15 % water) and the depth of the material removal was verified 
with a dial indicator. The bottom of the polished location was monitored during the 
making of the profiles for any irregularities that may affect to the results. The residual 
stress measurement results were analyzed with XTronic software and the analyzed 
results were used to plot the residual stress-depth profiles. 

 

Figure 12.  Test locations and directions on the steel plate. 
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3.2.2 Electron microscopy  

The flame cut samples were sectioned for microstructural analysis performed with 
scanning electron microscopes (SEMs). The sectioned samples were ground using 
abrasive silicon carbide papers and polished with 3 and 1 μm diamond suspensions. 
After grinding and polishing, the samples were etched with 4 % Nital solution. The 
microstructural characterization was performed with a Philips XL-30 SEM and an 
ULTRAplus field emission SEM (ZEISS) equipped with an X-MaxN 80 (Oxford 
Instruments) Energy Dispersive X-ray Spectrometer (EDS). In addition, the samples 
were analyzed using a SEM with an HKL Premium-F Channel Electron Backscatter 
Diffraction (EBSD) system equipped with a Nordlys F400 detector. These EBSD 
samples were sectioned and ground with abrasive silicon carbide paper and then 
polished with a colloidal silica suspension (0.004 μm). The acceleration voltage used 
was 20 kV and the step size 0.1 μm in the cross-sectional EBSD analysis areas of 
209 by 144 μm. The EBSD data from the microstructure was a starting point for the 
reconstruction of the prior austenite grain boundaries, which is described in more 
detail in publication III. The reconstruction was made with a Matlab-based iterative 
algorithm, originally developed by Nyyssönen et al. [77].    

In addition, precipitates in the microstructure were analyzed with a JEM-2010 
transmission electron microscope (TEM) equipped with a Noran Vantage Si(Li) 
detector EDS. The TEM samples were prepared using the extraction replica 
technique: the sectioned sample was polished in a traditional metallographic manner 
and then etched (Nital 4 % solution) to remove the matrix so that the precipitates 
stood proud of the sample surface. After etching, a carbon film was evaporated on 
the surface of the sample and then scored into ~1 mm2. Then the etching was 
continued to dissolve the matrix, and the carbon film squares carrying the 
precipitates were floated in distilled water and collected on copper TEM grids.   

3.2.3 Mechanical tests  

This section introduces the mechanical tests carried out during this study. The tests 
were used to evaluate the mechanical properties of both the original structure and 
the flame cut edge of the steel plates. The test locations and directions are presented 
in Figure 12 and the sample geometries in Figure 13. Tests were performed at 
Tampere University (formerly Tampere University of Technology) and the SSAB 
Europe Oy Raahe Steelworks (formerly Ruukki). 
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Hardness tests 

Hardness profiles were carried out for both the original steel structures and flame 
cut samples. For the original steel structure, the hardness profiles (HV 5 kg) were 
performed in the thickness direction of the steel plate and measurements were 
carried out using a Struers DuraScan 80. For the flame cut samples, the 
measurements were hardness depth profiles (HV 0.2 kg) starting from the flame cut 
surface (Figure 12). The hardness depth profiles were performed using a Matsuzawa 
MMT-X7 digital microhardness tester. 

Tensile tests 

Tensile tests were performed in the thickness direction of the plates. The tests were 
carried out with an MTS 250 kN, according to the EN-ISO 6892-1 standard [78]. 
The test samples were round bars with the original diameter (d0) of 6, 10, and 10 mm 
and the parallel length (Lc) of 11, 22, and 42 mm for the plate thicknesses of 20, 40, 
and 60 mm, respectively. The sample geometry is presented in Figure 13a.   

Charpy-V impact tests  

The Charpy impact tests were carried out according to the EN-ISO 148-1 standard 
[79] and the samples were square bars with dimensions of 10 mm x 10 mm x 55 mm. 
The sample geometry is presented in Figure 13b. The studied samples were in 
longitudinal and transverse directions in relation to the rolling direction, and the test 
temperatures were -40 °C, -20 °C, -10 °C, 0 °C, and 20 °C. In addition, the 40 and 
60 mm thick plates were tested at ½ and ¼ thickness in both longitudinal and 
transverse directions. The 60 mm plates were also tested with samples made in the 
thickness direction at temperatures of -10 °C, 0 °C, 22 °C, and 60 C°. These tests 
were made for both the original and the heat-treated structures of the plate. The heat 
treatments were designed to resemble the structure of the tempered region of the 
flame cut edge as much as possible and were done in a furnace under normal 
atmosphere. Samples were retained for 70 minutes at a temperature of 300 °C. Each 
of the Charpy-V impact test results shown in this study is an average of at least three 
repetitions.  
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Fracture toughness tests  

Fracture toughness tests were performed to the samples made in the thickness 
direction for the 60 mm plates according to the ASTM E1820 standard [80]. The 
tests were carried out at temperatures of -40 °C, -20 °C, 0 °C, and 22 °C and the 
presented results are an average of three tests. The sample dimensions were 10 mm 
x 10 mm x 60 mm, the notch length (a0) was 3 mm, and the crack length extended 
approximately to a depth of 5 mm in the sample. The sample geometry is presented 
in Figure 13c. Tests were carried out on both original and heat-treated samples. The 
heat treatment was performed under normal atmosphere in a furnace and the 
samples were kept for 70 minutes at temperatures of 300 °C and 600 °C to resemble 
the temperatures of the tempered region of the cut edge. These temperatures were 
chosen as they are often critical and cause tempered martensite embrittlement (300 
°C) and temper embrittlement (600 °C).  

 

Figure 13.  Sample dimensions (mm) of a) tensile tests, b) Charpy-V impact tests, and c) fracture 
toughness tests.   
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4 RESULTS AND DISCUSSION 

This chapter summarizes and discusses the main results of the whole study and the 
five articles related to this work. Some unpublished findings are also presented.  

4.1 Residual stress formation in thick steel plates  

Flame cutting of thick wear-resistant steel plates causes a steep thermal gradient, 
which creates a heat affected zone (HAZ) at the cut edge. Therefore, both volume 
and microstructural changes occur in the HAZ, which causes residual stresses at the 
cut edge. Residual stresses formed in flame cutting can be divided into thermal 
stresses and transformation stresses depending on their origin. The residual stress 
profile measured from the flame cut sample is the sum of these two residual stresses.  

Thermal stresses 

Flame cutting causes an uneven temperature distribution at the cut edge of the steel 
plate. Figure 14 presents the simulated temperature curves formed during flame 
cutting at speeds of 150 and 300 mm/min (40 mm thick plate). The faster cutting 
speed creates a steeper temperature profile compared to the lower cutting speed.  

 

Figure 14.  Simulated temperature curves from different distances from the flame cut edge at (a) 150 
mm/min and (b) 300 mm/min cutting speeds (Publication II). 
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Rapid temperature changes create differing degrees of thermal expansion and 
contraction at the cut edge and consequently residual thermal stresses. The 
temperature rise causes volume expansion at the cut edge, which is constrained by 
the cold interior and therefore creates compressive stress state near the cut edge. 
However, with increasing temperature, the yield limit of the material lowers. 
Eventually the compressive stresses exceeds the yield limit and produces a plastically 
deformed (compressed) region near the cut edge. During cooling, the contraction of 
this plastically compressed region is restrained by the undeformed interior. 
Therefore, the deformed region near the cut edge contains high residual tensile 
stresses (thermal), which are balanced by compressive stresses deeper in the 
subsurface. Figure 15 presents the simulated thermal stress distribution (without any 
phase transformations) formed during flame cutting at speeds of 150 and 
300 mm/min (40 mm thick plate).     

 

Figure 15.  Simulated thermal stresses (without phase transformation) generated during 150 and 
300 mm/min flame cutting speeds (modified from Publication II). 

Figure 15 shows that the faster cutting speed produces higher thermal stress state at 
the cut edge compared to the lower cutting speed. The reason for this is that the 
faster cutting speed creates higher temperature differences between the cut edge and 
the cold interior and consequently higher thermal stresses.  
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Transformation stresses 

The high temperatures and fast cooling during flame cutting cause microstructural 
changes in the HAZ. These microstructural changes are accompanied by local 
volume changes and therefore generate transformation stresses at the cut edge. To 
understand the generation of transformation stresses, it is important to identify the 
different microstructural regions formed at the cut edge.  

Three distinct microstructural regions (presented in Figure 16) can be identified 
from the cut edge: newly formed martensite (1.), two-phase region (2.), and tempered 
original structure (3.). 

 

Figure 16.  SEM micrographs of the heat affected zone (HAZ) showing the newly formed martensite 
region (1.), two-phase region (2.), and tempered original structure (3.). 

The first region, closest to the cut edge, is fully austenized (temperature above Ac3) 
and during fast cooling transforms into martensite. The second region is partly 
austenized (temperature above Ac1) during the cutting process and in cooling the 
austenized regions transform into martensite while the rest of the structure is heavily 
tempered. The austenization in the two-phase region occurs heterogeneously in the 
prior austenite grain boundaries, which highlights the prior austenite grain 
morphology. The third region is the original structure, which undergoes elevated 
temperatures during flame cutting and is therefore tempered. The tempering effect 
gradually decreases while penetrating deeper into the subsurface. These regions not 
only create the transformation stresses but also affect the hardness profiles of the 
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cut edges (presented in Publications I, III, IV, V). Newly formed martensite has the 
highest hardness and the hardness is reduced in the two-phase region. Hardness 
starts to rise towards the end of the HAZ as the tempering of the cut edge gradually 
decreases.   

The martensite transformation near the cut edge is accompanied by volume 
expansion. This volume expansion relieves the thermal tensile stress state (shown in 
Figure 15) near the cut edge and produces compressive stress state. The amount of 
compressive stresses produced depends on the thermal stress state before the 
transformation. The less thermal tensile stresses before martensite transformation, 
the more compressive stresses after martensite transformation. The compressive 
stress state changes to tensile stress in the two-phase region and the tensile stress 
peak is formed in the tempered region.  

How to affect residual stress formation in flame cutting 

Temperature differences (causing thermal stresses) and microstructural 
transformations (causing transformation stresses) can be affected in flame cutting by 
different flame cutting parameters. As previously described, thermal stresses can be 
reduced by choosing the cut parameters which create low temperature differences 
between the cut edge and the cold interior. As Figure 15 showed, the lower cutting 
speed produced less thermal tensile stresses than the faster cutting speed. If the 
whole plate were at the same temperature during flame cutting, there would be no 
thermal stresses as the volume expansion and contraction would be harmonized. 
However, this is practically impossible, so the best way is to aim for the lowest 
possible thermal stress state during cutting. Thermal stresses can be reduced by 
lowering the cutting speed and applying preheating before flame cutting. Both of 
these actions lower the temperature difference between the cut edge and the interior, 
and therefore generally result in higher and wider compressive stress region and 
lower tensile stress peak. Preheating is preferable to a lower cutting speed as the 
tensile stresses are generally lower in preheated samples. Figure 17a shows the 
experimentally measured residual stress states of the most generally applied flame 
cut parameters: slow cutting speed (150 mm/min), fast cutting speed (300 mm/min), 
and cutting with preheating (300 mm/min with 250 °C preheating). In addition, 
Figure 17b presents the extreme ends of flame cut parameters: 500 mm/min and 
150 mm/min with 200 °C preheating. Figure 17 shows that the highest compressive 
stress state can be achieved by decreasing the cutting speed and applying preheating. 
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Figure 17.  Effect of different flame cut parameters on residual stress formation: (a) Residual stresses 
of generally applied cutting parameters and (b) extreme ends of flame cut parameters (modified 
from Publications I and II).   

In addition, the width of different microstructural regions in the HAZ can be 
affected by the flame cutting parameters, which also affects the width of the residual 
stress regions. The wider the newly formed martensite region, the wider the 
compressive stress region. In addition, the wider the two-phase region, the less 
pronounced the change from compressive stress to tensile stress. The width of the 
microstructural regions can be increased by raising the heat input during flame 
cutting, which can be achieved with a lower cutting speed and preheating. To 
generate the optimal residual stress state (i.e., higher and wider compressive stress 
region and lower tensile stress peak) during flame cutting, it is recommended to 
combine a low cutting speed and preheating. Figure 18 shows the effect of the 
preheating temperature on residual stress formation in flame cutting. Increasing the 
preheating temperature creates more compressive stresses and less tensile stresses. 
However, it should be noted that preheating also reduces the hardness of the plate. 
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Figure 18.  Effect of preheating temperature on residual stress formation in flame cutting. 

4.2 Effect of microstructure on residual stress and crack 
formation 

The manufacturing of wear-resistant steel plates generally aims at a martensitic 
microstructure and certain hardness, in this case 400 HV. However, the hardness 
level can also be reached with a microstructure that is a mixture of martensite and 
bainite, as shown in Publication III. In addition, manufacturing methods A (hot- 
rolled above 900 °C) and B (hot-rolled below 900 °C) resulted in different steel 
microstructures, presented in Figure 19. 

 

Figure 19.  Reconstructed prior austenite grain boundary (PAGB) maps for samples (a) A and (b) B. 
PAGBs are superimposed on EBSD band contrast images as black lines. The red and green 
lines show the packet and block boundaries of martensite, respectively (Publication III). 
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The main difference between steels A and B lay in the prior austenite grain 
morphology. Steel A mainly consisted of equiaxed prior austenite grains with a few 
packet boundaries inside the grains. In contrast, steel B consisted of horizontally 
elongated prior austenite grains with more packet boundaries. Similar observations 
of the prior austenite grain morphology can be made from the two-phase regions of 
the samples, where the newly formed martensite highlights the prior austenite grain 
boundaries. Figure 20 shows examples of the two-phase regions of steels A and B, 
which were flame cut using a cutting speed of 300 mm/min.  

 

Figure 20.  Two-phase regions of steels (a) A and (b) B flame cut at 300 mm/min. Chains of newly 
formed martensite highlight the prior austenite grain boundaries (modified from Publication III).   

The prior austenite grain morphology seems to have an effect on the residual stress 
formation during flame cutting. Steel A generated lower tensile stress peaks during 
flame cutting compared to steel B, as shown in Figure 21. The residual stress results 
for steel A and steel B indicate that the equiaxed prior austenite grain structure 
produces less tensile stresses at the cut edge than the elongated prior austenite grain 
structure. It has been proposed [81] that the dislocation pile-ups existing in the 
vicinity of grain boundaries affect the local residual stress levels by creating a local 
stress peak in the grain boundary. In addition, it was noticed [81] that the residual 
stress levels monotonically decreased with increasing distance from the grain 
boundary. Therefore, one possible explanation could be that steel B has more prior 
austenite grain boundaries in the vertical direction compared to the equiaxed grain 
structure of steel A, which might create more local stress peaks in the structure. In 
addition, the elongated shape of the grains indicate that the structure contains more 
dislocations than the equiaxed prior austenite grain structure. As a result, the local 
stress peaks formed at the grain boundary level (type II residual stresses) might 
increase tensile stress state in the measured residual stress profiles (type I residual 
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stresses), thus creating higher tensile stress levels in steel B (elongated grain 
structure) compared to steel A (equiaxed grain structure).  

 

Figure 21.  Residual stress profiles (thickness direction) measured for steel samples (a) A and (b) B at 
cutting speeds of 150, 300, and 500 mm/min (Publication III). 

In addition, steel B is more susceptible to cracking than steel A as shown by the 
ultrasonic inspections in Figure 22. The reason for the higher cracking probability of 
steel B is the prior austenite grain morphology together with high residual tensile 
stresses. It has been shown [82] that the prior austenite grain boundaries are the most 
effective barriers for crack propagation as they have relatively high angle boundaries 
compared to other boundaries. It was also observed [82] that the crack changed  
direction as it encountered the prior austenite grain boundary. However, the 
horizontally elongated prior austenite grain boundaries in steel B create more 
potential crack paths through the structure instead of acting as obstacles and 
preventing crack propagation. In contrast, the equiaxed prior austenite grain 
structure of steel A has more vertical boundaries, which can act as barriers to 
horizontal crack propagation.     
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Figure 22.  Ultrasonic inspected flame cut samples of steels A and B (modified from Publication III). 

4.3 Effect of steel plate thickness on residual stress and crack 
formation  

The cooling of different plate thicknesses produces different microstructures, as 
shown in Publication IV. Fast cooling is more uniform along the thickness direction 
with thin plates and therefore the produced microstructure is martensitic. However, 
with thicker plates the cooling in the middle section can be much slower compared 
to the upper and lower edge of the plates. Fast cooling at the edges results in a 
martensitic microstructure but slower cooling in the middle section produces a 
mixture of bainite and martensite. With increasing plate thickness, the bainite portion 
increases and the martensite portion decreases from the plate edges towards the 
middle section. In addition, thicker plates contain larger areas with segregated 
elements compared to thinner plates. Figure 23 presents the hardness profiles in the 
thickness direction of the plates, which shows both microstructural mixing of 
martensite and bainite and the amount of segregation (hardness peaks). The regions 
having the lowest hardness possess a mostly bainitic structure. Therefore, the 
amount of bainite is increased with increasing plate thickness as cooling is slower in 
the middle section.  
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Figure 23.  Hardness profiles (HV 5 kg) in the thickness direction in the studied plate thicknesses: 20, 
40, and 60 mm (note the different thickness scale in each hardness profile) (Publication IV). 

Flame cutting of different plate thicknesses produced similar regions, as presented 
in section 4.1: newly formed martensite, two-phase region, and tempered original 
structure. However, the tempered region was different depending on whether the 
original structure was martensite or a mixture of martensite and bainite. The 
tempering of bainite does not produce similar changes to the hardness as tempering 
of martensite and therefore the effect of tempering is somewhat milder in regions 
consisting mostly of bainite. In addition, the width of these regions was not 
significantly affected by the thicknesses of the plates. However, the thickness affects 
the residual stress formation during flame cutting of the plates, as can be seen in 
Figure 24. The following observations can be made on the residual stress profiles:  

 Residual compressive stresses increase with decreasing plate thickness.  

 Residual compressive stresses increase with decreasing cutting speed (40 and 
60 mm). 
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 20 mm plate produces less residual tensile stresses with 150 mm/min cutting 
speed than faster cutting speed (300, 500, 700 mm).  

 Residual tensile stresses are not clearly affected by the plate thickness.  

 Preheating produces more compressive stresses (40 and 60 mm) and a lower 
tensile stress peak (60 mm).  

 

Figure 24.  Residual stress profiles in the thickness direction (90°). The effect of thickness in residual 
stress profiles at cutting speeds of (a) 150, (c) 300, and (e) 500 mm/min. The effect of cutting 
parameters in residual stress profiles with certain steel thicknesses: (b) 20, (d) 40, and (f) 60 mm 
(Publication IV). 
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Based on the results, the thickness of the plate does not have any clear effect on 
residual tensile stress formation. However, it is still recommended to use preheating 
and lower cutting speeds based on the residual stress results. The difference in the 
compressive stress regions of the different plate thicknesses can be explained by the 
heat from the heating flame. The heating flame acts similarly to preheating in thin 
plates as its raises the temperature at the cut edge before cutting. With increasing 
plate thickness, the preheating effect of the heating flame decreases. Figure 25 
depicts the preheating effect of the heating flame. The heat from the heating flame 
decreases the temperature difference between the cut edge and interior and therefore 
decreases the proportion of thermal stresses. 

 

Figure 25.  Preheating effect of the heating flame. The heating flame heats the cut edge more in 
thinner plates.  

The impact test results from 60 mm plates, shown in Figure 26, reveal the main 
challenges of thick plates. The results are quite different depending on the depth in 
the thickness direction. Figure 26 clearly shows that the transverse and longitudinal 
impact toughness in the middle section of the plate is significantly worse than the 
results from the ¼ depth. Especially alarming are the results from the samples of 
60 mm plate made in the thickness direction. These results were the worst and clearly 
show that the middle section of the thick plates has decreased toughness, being the 
same location as where the cracks are formed. In addition, it was shown (Publication 
IV) that segregations have even lower toughness compared to the surrounding 
regions, which indicates that the segregations are the weakest link of the structure.   
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Figure 26.  Charpy V-notch impact test results in longitudinal, transverse, and thickness directions for 
the 60 mm plate (modified from Publication IV). 

The cracking probability increased with increasing thickness as shown by the 
ultrasonic inspections of the plates (Figure 27). The number of cracks was not high 
because the studied samples were from steel A, which was less prone to cracking, as 
shown in Figure 22. However, the tensile stress peaks were quite similar between the 
studied samples, which indicates that the 20 mm plate structure can withstand the 
residual tensile stresses caused by flame cutting. It was shown in Publication IV that 
20 mm plates had a smaller prior austenite grain size and less segregations than 
thicker plates, both of which are beneficial factors from the cracking point of view. 
However, on some occasions, in the 40 and 60 mm plates, the structure failed to 
endure the residual stress state and a crack was formed in flame cutting. Therefore, 
the risk of cracking increases in proportion to the amount of segregations, whereas 
the amount of segregation is higher with thicker plates.   

 

Figure 27.  Ultrasonic inspection result from the flame cut samples with different thicknesses: 60, 40, 
and 20 mm (Publication IV). 
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4.4 Cracking characteristics of steel plates in flame cutting  

The location of the cracks are in the tempered region below the cut edge, which is 
shown in Figure 28. The crack is located in a locally harder and more brittle region 
compared to the surroundings. This further confirms that cracks are formed in 
segregations, creating local hardness peaks in the structure.    

 

Figure 28.  Hardness measurements from the cut edge of the cracked 40 mm plate (steel B) 
(Publication V). 

The location of the cracks also ruled out the involvement of hydrogen in crack 
formation. As has previously been shown [83], in welding hydrogen cracking occurs 
in the regions that are austenized during welding. Hydrogen has a high diffusion 
coefficient in ferrite and higher solubility in austenite. Therefore, hydrogen build-up 
occurs in the austenized region, which is transformed into martensite during cooling 
with elevated levels of hydrogen in the structure. This hydrogen inside the structure 
causes the cracking of the steel. [83] For this reason, if the cracking in flame cutting 
were caused by hydrogen, the cracks should be located in the newly formed 
martensite region. However, the cracking initiates in the tempered region, which 
would be an unlikely location for hydrogen as it would prefer the austenized (newly 
formed martensite) region closer to the cut edge.  

Segregations are the weak link in the structure of thicker plates, as shown in the 
previous chapter. So, what does the segregation consist of or why are segregations 
weaker than the surrounding structure (matrix)? Our results confirmed that the 
cracks were formed in the tempered region in the locally harder segregations, which 
are formed horizontally, and are worm-like regions generally in the middle section 
of the steel plates. Considering the size of the segregations, they can be classified as 
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microsegregations. The microstructure of the segregations was martensite whereas 
the surrounding structure was mostly bainite. The martensitic structure indicates that 
the hardenability of the segregation is higher than the surroundings. In addition, the 
segregations contained inclusions and precipitates. Examples of segregations, 
inclusions, and precipitations are shown in Figure 29. Segregations contained 
elevated amounts of Si, P, V, Cr, Mn, and Mo compared to the matrix or the nominal 
composition (OES). The inclusions had the same elements but even more Mo and 
P than the segregations. The precipitations were Ti- and N-rich, which indicates that 
they were titanium nitrides. Figure 30 presents the EDS results of the segregations, 
inclusions, close to the crack, and matrix, which are compared to the nominal 
composition (OES) of the steel. In Figure 30, the bar shows the average value of the 
EDS measurements and the error bars show the maximum and minimum values of 
the measurements. In addition, Figure 30 shows the carbon equivalents (CE) of each 
location, calculated by Ito and Besseoy, which covers low ranges of carbon (<0.18 
wt%)[7]:  
 = + + + + + + 5  %    (3) 

 
Commonly, steels having over 0.4 wt% CE are difficult to weld because of their 
increased tendency to form martensite. [7] It can be seen that the CE of inclusions 
and segregations are over the critical value of 0.4 wt%. In addition, the CE of the 
“close to crack” location is precariously close to the critical value. However, the CE 
of the matrix and nominal composition are below the critical value.   
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Figure 29.  Micrographs from segregations, inclusion, and precipitation (Publication V). 

 

Figure 30.  Comparison of Si, P, V, Cr, Mn, and Mo content between inclusion, segregation, close to 
crack, matrix, and nominal composition (OES). In addition, the carbon equivalents (CE) of each 
location are given (Publication V).  
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The enrichment of the alloying elements explains the increased hardness and 
hardenability of the segregations. In addition, most of these elements (Si, V, Cr, Mo) 
are known to have an effect on the tempering behavior of segregations by stabilizing 
the tetragonality of the martensite and also hindering the formation and coarsening 
of the cementite (Si, Cr, Mo). [7] Therefore, the segregation regions effectively 
maintain their hardness in tempering during flame cutting while the surrounding 
structure becomes softer and more ductile. In addition, the segregations contain 
inclusions and precipitations that can create harmful discontinuities and stress 
concentrations in the segregation regions.  

The mechanical properties of the tempered region were simulated by heat-treated 
samples. Samples were heat-treated for 70 minutes at 300 °C (ht300) and 600 °C 
(ht600), which resembles the tempered region in flame cutting and are also the most 
critical temperatures considering the embrittlement phenomena. The results showed 
(Figure 31) that both impact and fracture toughness was lower in the heat-treated 
samples compared to the original samples, indicating that tempering weakens the 
structure. In addition, the fracture surfaces of the test samples were compared to the 
opened, flame-cut cracks (Figure 32). It can be seen that the 300 °C heat-treated 
samples have a transgranular fracture surface (Figure 32a), which is typical of 
tempered martensite embrittlement (TME). However, the 600 °C heat-treated 
samples and flame cut cracks both have a similar intergranular fracture surface 
(Figure 32b and 32c), which is typical [3; 7] of temper embrittlement (TE), thus 
lowering prior austenite grain boundary cohesion.   
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Figure 31.  (a, b) Charpy-V impact and (c, d) fracture toughness test results of original (A and B) and 
heat-treated (A ht300, A ht600, B ht300, B ht600) samples of 60 mm plates (Publication V).   

 

Figure 32.  Fracture surfaces of fracture toughness test samples showing (a) transgranular fracture, 
(b) intergranular fracture, and c) opened flame-cut crack surface (Publication V).  
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The reduced prior austenite grain boundary cohesion is typically caused in TE by the 
accumulation of impurity elements, such as P, at grain boundaries. However, TE is 
also highly affected by the other alloying elements that can interact with P and affect 
the grain boundary cohesion. For example; P and Mn, Cr, Mo enhance the 
segregation of each other. Mn and Cr strongly co-segregate with P, increasing the 
risk of TE. Moreover, Mn also increases the embrittling potency of P [84]. In 
addition, Si increases the risk of TE [3] although it has a repulsive interaction with P 
[84]. However, the risk of TE is partially reduced by adding 0.7 wt% Mo, as it inhibits 
the segregation of P to grain boundaries and increases the grain boundary cohesion. 
On the other hand, larger additions are inefficient as the Mo is incorporated into 
cementite [84]. In addition, the nature of C and P is competitive with regard to iron, 
and generally C depresses the accumulation of P. However, the C content cannot be 
measured accurately enough by EDS and therefore the C content in the segregations 
is unknown and can only be speculated. On the other hand, if the segregation 
contains C, it also contains strong carbide-forming elements, such as Cr, Mo, or V, 
which can lower the solubility of carbon and therefore promote the segregation of 
P. [3; 7; 84] It seems that the alloying elements in segregations have a complex 
interaction with each other and with prior austenite grain boundary cohesion. 
However, when a crack is formed, the sum effect of these elements create an 
environment that is suitable for crack formation. In addition, tempering during flame 
cutting increases the weakening of the grain boundaries in segregations even further. 
The grain boundary cohesion reduced by these elements does not withstand the 
residual stress state caused by flame cutting. Figure 33 summarizes the cracking 
phenomenon in flame cutting.      
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Figure 33.  Microstructural regions, residual stress profile, and crack location at flame cut edge at a 
cutting speed of 300 mm/min.   

4.5 How to avoid cracking of thick steel plates in flame cutting 

There are two possible ways to avoid or at least lower the susceptibility to cracking 
in flame cutting: by lowering the residual stresses generated during flame cutting or 
by producing plates with a microstructure that lowers the cracking probability. It 
may be easier to concentrate on applying the optimal parameters in the flame cutting 
process and on aiming at the lowest possible residual stress state in the cut edge. The 
proposed methods are:  

 Apply preheating → higher preheating temperature lowers the residual 
tensile stress peaks and increases the compressive stress state. However, a 
higher preheating temperature also reduces the hardness of the plate. 

 Use a low cutting speed → not as effective as preheating but also generally 
lowers residual tensile stresses and increases compressive stress state.  

 Combine preheating and low cutting speed → the most effective way to 
produce the highest compressive stress and the lowest tensile stress state.    
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A low cutting speed generally produces a more beneficial stress state, but in some 
cases the tensile stress peaks are still quite high. In addition, some occasions cracks 
has been detected from samples that were cut using a lower cutting speed. However, 
no cracks were detected from the preheated samples, which indicates that preheating 
is the most effective way to avoid the cracking related to the flame cutting process. 
Combining preheating and a low cutting speed produces the most beneficial stress 
state by increasing the compressive stress state and lowering the tensile stress peaks. 
It is also recommended to avoid long retention periods in temperatures of 600 °C 
and 300 °C as they lower the mechanical toughness of the steel. However, totally 
avoiding these temperatures during flame cutting is quite complicated, so it is 
recommended to concentrate more on lowering the residual stress state.  

The other aspect to avoid cracking is to optimize the manufacturing process and 
the microstructural characteristics of the thick wear-resistant steel plate. This can be 
achieved by the following:  

 Manufacture segregation-free plates or at least aim to reduce the amount and 
severity of segregations.  

 Reduce the phosphorus, manganese, chromium, and silicon content of the 
plate, which would also decrease the amount of these elements in the 
segregations.  

 Produce an equiaxed prior austenite grain structure, which is not as prone 
to cracking as an elongated grain structure. An equiaxed prior austenite grain 
structure has more vertical grain boundaries to inhibit crack propagation, 
which commonly occurs in horizontally formed segregations.   

 Produce a structure that contains a small prior austenite grain size. As a 
result, the accumulation of alloying elements in the grain boundaries will be 
divided between more grain boundaries and therefore the weakening effect 
will be reduced.  

At the moment, the manufacturing of segregation-free plate might be difficult. In 
addition, most of the elements found in the segregations also play an important role 
in steel in general such as an increase in hardness and hardenability. Therefore, these 
elements cannot be removed from the steel but it is recommended to aim for a more 
effective distribution of these elements. However, the last three points of the 
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previous list might be easier to achieve by slightly changing the manufacturing 
practices of thick plate. In addition, most of these properties are commonly desired 
and in most cases the manufacturing already aims at achieving them.     

All of the described guidelines may not be the easiest to apply in practice. 
However, the end users of the plates, who cannot influence the manufacturing, 
should concentrate on the flame-cut process, whereas steel manufacturers should 
concentrate more on the manufacturing aspects. These manufacturing guidelines 
describe what kind of structural characteristics are favorable in steel. However, the 
actual methods for how to achieve them is left to manufacturing metallurgists, who 
have better knowledge of the actual manufacturing methods.     
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5 CONCLUDING REMARKS AND SUGGESTIONS 
FOR FUTURE WORK 

In this chapter, the two research questions are revisited and answered based on the 
results of this work and the related five publications.   

1. What are the main factors contributing to the cracking phenomenon of thick 
wear-resistant steel plates in the flame cutting process? 

Two main factors contribute to the cracking phenomenon of thick wear-resistant 
steel plates in flame cutting. The first factor is the residual stresses formed during 
the flame cutting process, especially the high residual tensile stress peaks which are 
formed just below the cut edge. These tensile stresses are harmful as they increase 
crack formation by tearing the structure apart. The higher the tensile stress peaks are 
formed during flame cutting, the higher the danger of cracking.   

The second factor is the microstructural characteristics of wear-resistant steel 
plate. Thick plates contain segregations in the steel structure and the proportion of 
segregations is higher with thicker plates. Segregations contain elevated amounts of 
alloying elements such as silicon, phosphorus, vanadium, chromium, manganese, 
and molybdenum. Most of these elements increase the hardenability of the 
segregation bands, therefore resulting in a hard and brittle martensitic structure. In 
addition, most of these elements hinder the effect of tempering during flame cutting. 
Most crucially, the elements interact with each other and have a high tendency to 
accumulate in the prior austenite grain boundaries. The sum effect of this 
accumulation is the weakening of the grain boundaries and reduced grain boundary 
cohesion. These weakened prior austenite grain boundaries fail to endure the residual 
tensile stresses formed during flame cutting. The weakening effect increases with 
increasing grain size as the accumulation of alloying elements concentrate in a smaller 
grain boundary area. In addition, long, parallel prior austenite grain boundaries in the 
horizontal direction significantly increase the risk of cracking as they create potential 
crack paths inside the steel structure.        
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2. How can flame cutting practices and steel plate characteristics be optimized 
in order to avoid cracking and have an effective cutting process?  

Development of flame cutting practices concentrates on selecting the most 
beneficial cutting parameters to produce more compressive stresses and less tensile 
stresses at the cut edge. The most effective way to achieve this is to combine 
preheating and a low cutting speed. In addition, separately applied preheating or low 
cutting speed generally results in a better residual stress state compared to a fast 
cutting speed. However, a low cutting speed is not totally safe as, on some occasions, 
it can create a high tensile stress peak at the cut edge. However, cracking probability 
is significantly reduced by applying the previously described cutting parameters and 
it is highly recommended to flame cut according to these guidelines.   

As previously described, certain microstructural characteristics of the steel plates 
are beneficial and resist crack formation and propagation effectively. The 
manufacturing of thick wear-resistant steel plate should aim at a small and equiaxed 
prior austenite grain structure. In addition, creating vertical barriers such as grain 
boundaries in the microstructure effectively resists crack propagation in the vertical 
direction. Additionally, concentrating on reducing the amount of alloying elements 
that are typically found in segregations should decrease the cracking probability. 
However, most of these elements might have an important role regarding steel 
properties and cannot be removed or reduced. In that case, manufacturing should 
concentrate on the more effective distribution of these elements, therefore 
decreasing the amount and severity of the segregations in the structure. Achieving 
these microstructural characteristics does not necessarily demand major changes to 
existing manufacturing practices. Even small changes can lead to beneficial results 
by reducing the cracking probability during flame cutting.       

Future work  

This work revealed the main factors contributing to the cracking phenomenon of 
thick wear-resistant plate in flame cutting. One recommendation for future work is 
to study even smaller details of the flame cut edge. This could be done by small scale 
mechanical testing of the different regions formed during flame cutting, which would 
further increase knowledge of the phenomenon. In addition, crack opening and 
testing by Auger electron spectroscopy might reveal which are the most harmful 
elements of the segregation that affect crack formation. This kind of measurement 
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was originally planned for this work but the sample preparation failed and the tests 
were not included in the present study.    

In addition, studying the effect of the manufacturing parameters on the steel 
microstructure might give more specific guidelines on how to achieve beneficial 
microstructure characteristics. Furthermore, studying the interaction of different 
alloying elements would provide information on which specific alloying element 
combination should be avoided during plate manufacture.  

Studying the residual stresses of the plate directly after manufacturing could also 
be one issue to concentrate on in the future. Different manufacturing parameters 
may induce a residual stress state in the steel plate even before the flame cutting 
process. This stress state has an effect on the resulting stress state after flame cutting, 
which in turn has an effect on the plate cracking probability.       
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Abstract  11 

Heavy steel plates are used in demanding applications that require both high strength and hardness. 12 

An important step in the production of such components is cutting the plates with a cost-effective 13 

thermal cutting method such as flame cutting. Flame cutting is performed with a controlled flame and 14 

oxygen jet, which burns the steel and forms a cutting edge. However, the thermal cutting of heavy 15 

steel plates causes several problems. A heat-affected zone (HAZ) is generated at the cut edge due to 16 

the steep temperature gradient. Consequently, volume changes, hardness variations and 17 

microstructural changes occur in the HAZ. In addition, residual stresses are formed at the cut edge 18 

during the process. In the worst case, unsuitable flame cutting practices generate cracks at the cut 19 

edge.   20 

The flame cutting of thick steel plate was modeled by using the commercial finite element software 21 

ABAQUS. The results of modeling were verified by X-ray diffraction based residual stress 22 

measurements and microstructural analysis. The model provides several outcomes, such as obtaining 23 

more information related to the formation of residual stresses and the temperature history during the 24 

flame cutting process. In addition, an extensive series of flame cut samples was designed with the 25 

assistance of the model.  26 

                                                             
1 Present address. 
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Keywords: flame cutting, heavy steel plate, finite element, heat-affected zone, temperature history, 27 

residual stress 28 

Introduction  29 

Flame cutting is a thermal cutting method generally used by steel manufacturers. It is an effective 30 

method for cutting thick wear-resistant steel plate, unlike mechanical cutting, which is both difficult 31 

and too slow for high production rates. Flame cutting is an exothermal process, which provides an 32 

advantage over other thermal cutting methods, because the heat generated from the cutting process 33 

supports the continuation of the flame cutting [1].  34 

The flame cutting process consists of three steps. Firstly, the steel is heated locally to its ignition 35 

temperature by using a flame obtained from the combustion of a specific fuel gas mixed with oxygen. 36 

Secondly, the heated spot is burnt with a jet of pure oxygen, which creates a continuous chemical 37 

reaction between the oxygen and the steel. Thirdly, the oxygen jet not only burns the steel but also 38 

blows away the iron oxide that is formed during the cutting process. [2]  39 

However, the flame cut edge is prone to cracking, which makes cutting of thick steel plate 40 

problematic. It has been shown [3] that an increase in both the hardness and thickness of the plate 41 

enhances the cracking tendency. Flame cutting produces a heat-affected zone (HAZ) at the cut edge 42 

of steel plate due to the generation of a steep thermal gradient during the cutting process. For 43 

example, Martín-Meizoso et al. [4] have reported that microstructural changes and hardness 44 

variations occur in the HAZ. Hardness values have been observed to be higher closer to the cut edge 45 

and decrease over a short distance from the cut edge [5]. In addition, the width of the HAZ decreases 46 

with increasing cutting speed [6].  Thomas et al. [7] found that flame cutting produces a martensitic 47 

layer on the steel edge. The thickness of the martensitic layer and the HAZ were observed to be 48 

dependent on the plate thickness and flame cutting speed. 49 

The flame cutting process results in the formation of residual stresses in the cut edge of the steel. It 50 

has been reported [3] that high residual stresses in the cut edge promote crack formation. Residual 51 

stresses are formed by uneven plastic strains in the material which cause elastic strains. These 52 

elastic strains maintain the dimensional continuity in the vicinity of the plastically deformed regions [8].  53 

The elastic strains and hence the residual stresses can be either compressive or tensile. Generally, 54 

residual compressive stresses are beneficial because they reduce the probability of cracking, 55 
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whereas residual tensile stresses are unfavorable because they enhance it. Large thermal gradients 56 

produced by flame cutting cause residual stresses consisting both of thermal stresses and 57 

transformation stresses. Thermal stress arises from the inhomogeneous thermal expansion and 58 

contraction of the material, while transformation stress is produced by microstructural transformations 59 

and their different volumetric expansions. [9]   60 

Several studies have been carried out to determine and model the generation of residual stresses 61 

during flame cutting. Wei et al. [10] modeled the flame cutting of 10-mm-thick steel plate and the 62 

simulation results indicated that a slower cutting speed produced a wider HAZ and more compressive 63 

stress than a faster cutting speed. However, the cutting speed did not have any notable impact on the 64 

residual tensile stress maxima. Thiébaud and Lebet [11] used the section method to measure the 65 

residual stress distribution from 60-mm-thick steel plate. The results indicated that there was a tensile 66 

stress region close to the cut edge, which decreased rapidly with increasing distance from the edge, 67 

and was partly balanced by a compressive stress region deeper in the subsurface. Thomas et al. [7] 68 

studied 25 mm and 35 mm steel plates and discovered that, at a short distance (0.1 mm) below the 69 

flame cutting edge, the stresses are compressive and deeper (>1 mm), the stresses are tensile. 70 

Lindgren et al. [3] measured and modeled the residual stresses produced by flame cutting 50-mm-71 

thick steel plates and the simulation results indicated the formation of a low compression stress region 72 

close to the cut edge, which was followed by a high residual tensile stress region. The residual tensile 73 

stress state was lower in preheated samples compared to samples which were cut without 74 

preheating. This model was verified by using a hole drilling strain gauge method to measure the 75 

residual stresses from certain locations of the cut edge. Despite the earlier studies, the residual stress 76 

formation in thick wear-resistant steel plates during the flame cutting process remains a fairly 77 

unknown phenomenon. The effect of different cutting parameters has been studied to some extent but 78 

further information related to this topic is required.  79 

The aim of this study was to develop a model, which provides an effective tool for investigating the 80 

flame cutting process of a thick wear-resistant steel plate. In addition, modeling creates an opportunity 81 

to obtain information about the steel plate during the flame cutting process, which is almost 82 

impossible to obtain experimentally. The present model enables us to systematically study the effect 83 

of different flame cutting parameters, such as various flame cutting speeds, cutting preheated plate 84 
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and cutting steel plate of different plate thicknesses. In addition, with the assistance of the model we 85 

can design the flame cut parameters to be used in a comprehensive test series for future studies. 86 

Material modeling and Experimental procedure  87 

The modeling of the thick steel plate flame cutting process was carried out by using the commercial 88 

finite element software ABAQUS. The purpose of the modeling work was to simulate the behavior of a 89 

previously studied [12] low-alloyed wear-resistant steel, the composition of which is given in Table 1. 90 

In the preliminary study [12], the residual stress profiles were measured from some flame-cut thick 91 

wear-resistant steel plates.  The modeled part here was a rectangular shape steel plate modelled as a 92 

two-dimensional plane strain section: the thickness (y-direction) was set to 40 millimeters and the 93 

width (x-direction) was defined as long enough that the body could be considered semi-infinite. The 94 

model was constructed with a mesh with over 33 000 four-node bilinear thermo-mechanically coupled 95 

elements (Fig.1). The mesh was designed to be denser (element size of 0.04 mm) in the middle 96 

section in order to ensure accurate results from the area of interest, which is the most critical for crack 97 

formation. 98 

 99 

Fig. 1. Finite element mesh with a zoomed view from the middle section. 100 

During the flame cutting process, every material point within the solid has its individual temperature 101 

history (i.e. maximal temperature, heating and cooling rate, etc.), which affects the material 102 

properties. For example, material properties during cooling depend on the maximum temperature 103 
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attained during heating. Accurate simulation of these history effects would require a very large 104 

number of experimental tests and a large number of material parameters in the model. Therefore, in 105 

the model presented here a simplification is made, i.e. most of the thermal and mechanical properties 106 

are assumed to be directly temperature-dependent without any history effects. The only exception is 107 

the thermal expansion coefficients, which have different values depending on the maximum 108 

temperature and whether the part is heating up or cooling down. As explained below, thermal 109 

expansion coefficients are used to model the effect of phase transformations on a specific material 110 

volume. Therefore, a history-dependent approach is needed for these material properties. In order to 111 

acquire the temperature-dependent yield strength properties of the material, a series of uniaxial 112 

compression tests was conducted in various temperatures using a Gleeble 3800 thermo-mechanical 113 

simulator. The strain rate in the test was set to 1 1/s to correspond to the actual cutting process and 114 

the specimen was heated to the target temperature at a heating rate of 250 °C/s. Loading was applied 115 

for 0.5-1.0 seconds after reaching the target temperature, thus minimizing excess temperature effects 116 

like tempering.     117 

 118 

Fig. 2. The results of the uniaxial compression tests using Gleeble: yield strength at 2 % plastic strain 119 

as a function of temperature. 120 

Fig. 2 shows that yield strength is a highly temperature-dependent material property and there is a 121 

significant drop in the yield strength values after the temperature rises above 400 °C. Acquiring 122 

correct values for yield strength as a function of temperature is important, since the yield limit decides 123 

whether the material reacts elastically or elastoplastically, which has a major impact on the stress 124 

distribution inside the steel plate. It should be noted that the yield strength values were measured for 125 
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the heating stage only and assumed to adequately represent the material behavior also during the 126 

cooling stage.     127 

In order to work correctly, the model requires phase transformation temperatures for both austenite 128 

(Ac3 and Ac1) and martensite (Ms and Mf) transformations. Both the austenite start temperature (Ac1) 129 

and the martensite start temperature (Ms) were obtained using the Andrews equations [13]: 130 

Ac1(°C) = 723 - 10,7Mn – 16.9Ni + 29.1Si + 16.9Cr + 290As + 6.38W  (1) 131 

Ms(°C) = 539 - 423C - 30.4Mn - 17.7Ni - 12.1Cr – 7.5Mo   (2) 132 

where the chemical symbols denote the weight percentage of the element in question. However, a 133 

different approach was needed for the full austenitizing temperature (Ac3), due to the rapid heating 134 

characteristic of flame cutting. The Ac3 was set to 1077 °C after comparing the temperature distribution 135 

obtained from the model with microstructures observed from SEM micrographs, such as Fig. 3. 136 

 137 

Fig. 3. SEM micrograph from the cut edge of a 300 mm/min flame cut sample.  138 

In Fig. 3, the microstructural regions formed during the 300 mm/min flame cutting process can be 139 

seen. The fully martensitic region extends 0.8 mm from the flame cut edge of the sample. The Mf 140 

temperature was estimated to be 234 °C. According to Steven and Haynes [14], the Mf temperature 141 

can be approximated as 215 ± 15 °C below the Ms temperature. The phase transformation 142 

temperatures implemented in the model are shown in Table 2.  143 

The thermal and phase transformation induced (austenite and martensite) volume changes were 144 

entered into the model as subroutines. The austenite phase fraction (fa) was calculated using a 145 

modified Avrami function called Weibull’s cumulative distribution function [15]: 146 
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𝑓𝑎 =  𝑓𝑎𝑓𝑖𝑛𝑎𝑙 
(1 − 𝑒𝑥𝑝 {𝐴 (

𝑇−𝐴𝑐1

𝐴𝑐3−𝐴𝑐1
)

𝐵

}),    (2) 147 

where 𝑓𝑎𝑓𝑖𝑛𝑎𝑙 
is the phase fraction at the end of the transformation, and A and B are material-148 

dependent constants, set to -6 and 2, respectively [15]. The effect of austenite formation in the 149 

thermal axial expansion (∆L/L) was calculated using the following equation: 150 

∆𝐿

𝐿
= (𝑓𝑎𝛼𝑎 + (1 − 𝑓𝑎)𝛼𝑠)∆𝑇,     (3) 151 

where αs is the thermal expansion coefficient of the parent steel and αa is the austenite thermal 152 

expansion coefficient, set to 13 x 10-6 1/K and 20 x 10-6 1/K, respectively. The thermal expansion 153 

coefficient of the martensite (αm) was the same as that of the parent steel. The martensitic phase 154 

fraction (fm) was calculated by using the equation derived from Koistinen and Marburger [16]: 155 

𝑓𝑚 = 1 − 𝑒𝑥𝑝{𝛽(𝑀𝑠 − 𝑇)},     (4) 156 

where a value of -0.04 was used for β, which was selected so that 50 per cent of the martensite 157 

transformation happens almost instantly. The axial expansion changes caused by the martensitic 158 

phase transformation were introduced to the model via thermal expansion subroutines, as shown in 159 

the following equation: 160 

∆𝐿

𝐿
= {𝑓𝑎 ((1 − 𝑓𝑚)𝛼𝑎 + (𝑓𝑚𝛼𝑚) + (

∆𝑥𝑚

𝑥𝑚
(𝑀𝑓 − 𝑀𝑠)⁄ )) + (1 − 𝑓𝑎)𝛼𝑠} ∆𝑇,  (5) 161 

where the ∆xm/xm is the axial expansion of the martensitic phase and was set to 0.75 per cent, which 162 

was evaluated to correspond to the real situation. The axial expansion can be converted to a volume 163 

expansion using the equation: 164 

∆𝑉

𝑉
= (1 +

∆𝐿

𝐿
)

3

− 1,     (6) 165 

For simplification, the martensitic transformation was considered to be an isotropic volume expansion, 166 

which may not fully correlate with the actual martensitic transformation process. 167 

The simulation of the flame is one step in the modeling of the flame cutting of a steel plate.  From a 168 

modeling perspective, flame cutting is an extremely complex process with a large set of variables, 169 

which it is difficult to verify. However, the main purpose of this model was to study what occurs inside 170 
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the steel when it is subjected to a large amount of heat, rather than the perfect modeling of the flame. 171 

Consequently, some simplifications had to be made. Therefore, the flame was created as a time-172 

dependent heat flux, which simulated the movement of the flame. In the three dimensional preliminary 173 

simulations the flame was modeled as a moving line heat flux on the surface (the cutting surface) of 174 

the plate. Based on the results of these preliminary studies the heat source was modelled in the 175 

actual two-dimensional simulations as a heat flux boundary condition (Fig. 4(a)) on the edge on the 176 

element mesh (the left edge of the model in Fig.1). The movement of the flame was simulated by 177 

changing the amplitude of the flux with respect to time. Similar method has previously been used by 178 

Lindgren et al. [3]. To represent the real flame cutting process, the heat flux applied to the part was 179 

not totally uniform, thus the upper (flame) side of the part was subjected to more heat since the flame 180 

has a greater impact there. In addition, we used a time-dependent amplitude distribution of the heat 181 

flux in our model to resemble a moving flame. The amplitude distribution for the 150 mm/min cutting 182 

speed heat flux (Fig. 4(b)) was created by studying the data obtained from a simulation based on a 183 

three-dimensional flame model.    184 

    185 

Fig. 4. (a) Heat distribution along the cut edge (y-axis is the cutting depth). (b) The time-dependence 186 

of the heat flux amplitude for 150 mm/min cutting speed. It should be noted that the y-axis presents 187 

the magnitude of the heat flux relative to the maximum value. 188 

In Fig. 4(b), the time frame between 0 and 4.5 seconds simulates the heat transfer which occurs 189 

through conduction before the flame arrives. The period between 4.5 and 5 seconds simulates the 190 

moment when the flame is connected to the observed position. The time frame between 5 and 6.5 191 

seconds represents the heat transfer to the observed position after the flame has passed. A similar 192 
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heat flux amplitude was used for other cutting speeds, although the periods were divided according to 193 

how fast the process was compared to the 150 mm/min cutting speed. 194 

The heat input for the flame was determined by iterating the magnitude of the heat flux. The heat 195 

input (maximum amplitude with reference to Fig. 4(b)) for thermal analysis was 1.8 x 107 W/m2 and it 196 

was selected so that the surface temperature at the center of the plate (i.e., x=0 and y=0.5 x thickness 197 

in Fig. 1) reached the melting point of 1520 °C. The heat input for the stress analysis of 150 mm/min 198 

and 300 mm/min cutting speeds was set to 1.65 x 107 W/m2 and 2.37 x 107 W/m2, respectively. The 199 

heat flux for stress analysis was selected so that the maximum temperature at the above-mentioned 200 

location (surface of the center of the plate) was just below the melting point. This was necessary in 201 

order to avoid the removal of elements or setting them to zero, which would have an undesired effect 202 

on the analysis of the stress curves in the surface region. Since the heat flux represents the net heat, 203 

the heat losses of the flame are ignored. In addition, the model was used to study the effect of 204 

preheating, as it has been observed to lower tensile stress maximum values in residual stress 205 

measurements. Preheating was simulated by setting the modeled part for different predefined 206 

temperature fields and the heat flux magnitudes were adjusted so that the surface elements would not 207 

exceed the melting temperature.        208 

The results of the model were verified by residual stress measurements done with an XStress 3000 209 

X-ray diffractometer (manufactured by Stresstech Oy) and the measurement method used is called 210 

the modified Chi method [17]. This method calculates, using Bragg’s law, the interplanar lattice 211 

spacing of the ferrite [211] plane from the 156° Bragg diffraction angle. The lattice plane spacing 212 

changes from a stress-free value to some new value depending on the magnitude of the residual 213 

stress. With this method, the lattice spacing d of the sample is measured at different ψ tilts, where the 214 

ψ angle is the angle between the normal of the sample and the normal of the diffracting plane. The 215 

measured values provide a slope containing a plot of lattice spacing d as a function of sin2 ψ.  This 216 

slope with elastic constants can be used to calculate the residual stress from the measured location. 217 

Residual stresses are calculated using the following equation [18]:  218 

𝜎 = (
𝐸

(1+𝜈)
) 𝑚,      (7) 219 
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where the σ is the residual stress in the measured direction, E is the Young’s modulus, ν is the 220 

Poisson’s ratio and m is the slope obtained from the lattice spacing d vs. sin2 ψ curve. The 221 

parameters used are listed in Table 3. 222 

Residual stresses, used for model verification, were measured from 40-mm-thick samples, which 223 

were flame cut using cutting speeds of 150 mm/min, 300 mm/min and 300 mm/min with preheating at 224 

200 °C. Samples were measured from two locations (A and B) and in two perpendicular measurement 225 

directions: the flame cut direction (0°) and the thickness direction (90°). These selected directions are 226 

the most critical orientations for crack formation. The measurement locations and directions are 227 

shown in Fig. 5. 228 

   229 

Fig. 5. Residual stress measurement locations of X-ray diffraction method for a flame cut sample.  230 

Between the residual stress measurements, material layers were removed from the measurement 231 

location by electrochemical polishing. The polishing was done using Struers A2 electrolyte (a mixture 232 

of 60% perchloric acid, 65-85% ethanol, 10-15% 2-butoxyethanol and 5-15% water) and material 233 

removal was verified with a dial indicator. Residual stress measurement, combined with the layer 234 

removal method, provides residual stress depth profiles. The polished material depth was 235 

approximately 100-200 µm between each measurement. The measurement results were analyzed 236 

with XTronic software and residual stress profiles were plotted from the analyzed results.   237 

Results and discussion 238 

The model provided valuable information related to the temperature history of the part during the 239 

flame cutting process. Fig. 6 shows the modelled temperature profiles from different distances from 240 

the flame cut edge calculated at cutting speeds of 150 mm/min and 300 mm/min, respectively.  241 
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 242 

Fig. 6. Temperature curves from different distances from the flame cut edge at (a) 150 mm/min and 243 

(b) 300 mm/min cutting speeds. 244 

Fig. 6 shows that the slower cutting speed creates more heat at the cut edge of the plate. In contrast, 245 

the faster cutting speed produces steeper thermal gradients compared to the slower cutting speed. 246 

With the slower cutting speed, the part has more time to heat up and the material has more time to 247 

adapt to the cutting situation. The shapes of the curves correspond to the experimental results of 248 

Thiébaud et al. [2]. 249 

One of the main purposes of the model was to reveal information on what occurs to the steel part 250 

during the flame cutting process. The uneven temperature distribution in the cut edge creates differing 251 

thermal expansion (and contraction) and consequently different residual thermal stresses. Fig. 7(a) 252 

shows the modeled thermal stress profiles (thickness direction) produced during the flame cutting 253 

process at cutting speeds of 150 mm/min and 300 mm/min. It should be noted that in general the 254 

maximum possible stress at a given temperature is limited by the current yield strength and fracture 255 

stress of the material, but in the simulations the plasticity of the material was taken into consideration. 256 

Therefore, the simulation results can be considered to indicate the best-case scenario, i.e. in reality, 257 

material fracture might take place at stress levels below those represented by the current simulations.       258 
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 259 

Fig. 7. Simulated residual thermal stress profiles (thickness direction) of 150 mm/min and 300 260 

mm/min flame cutting speeds (a) without phase transformations and (b) with phase transformations. 261 

(c) Modelled residual stress formation during flame cutting with 300 mm/min cutting speed. 262 

The residual thermal stress state during the flame cutting process is very difficult to determine 263 

experimentally; therefore, modeling is essentially the only tool capable of providing such information. 264 

In addition, simulations allow us to separate the effects of pure thermal expansion from the effects of 265 

phase transformations. This is illustrated in Fig. 7(a). Without the phase transformation, the residual 266 

thermal stresses are due to the uneven thermal expansion and contraction that occurs during cutting. 267 

The high temperature causes volume expansion in the cut edge, which is constrained by the cold 268 

surroundings, thus creating a compressive stress near the cut edge. Consequently, as the 269 

temperature increases and simultaneously the yield limit is lowered, the compressive stress exceeds 270 

the yield limit and produces a plastically deformed (compressed) region near the cut edge. During 271 

cooling, the contraction of the compressed region is restrained by the region without plastic 272 

deformation. For this reason, residual tensile stress is generated in the deformed region near the cut 273 

edge. The residual tensile stress is then balanced by the residual compressive stress deeper inside 274 
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the part. As we can see from Figs. 6(a), 6(b) and 7(a), the faster cutting speed produces steeper 275 

thermal gradients in the cut edge, consequently creating higher thermal stresses in the cut edge 276 

compared to the slower cutting speed. Therefore, rapid and significant temperature changes should 277 

be avoided in the flame cut edge.      278 

In the actual case, martensitic phase transformation is also involved in the steel structure during the 279 

flame cutting process. Fig. 7(b) shows the modeled residual stress profiles produced by 150 mm/min 280 

and 300 mm/min cutting speeds, which also takes into account the phase transformation. The effect 281 

of the volume expansion caused by martensitic transformation on the formation of the residual stress 282 

profiles is clearly seen. The martensitic transformation relieves the residual thermal tensile stresses 283 

near the flame cut edge and produces a residual compressive stress. The shapes of both residual 284 

stress curves are quite similar, but the residual compressive stress area at the surface is larger at the 285 

cutting speed of 150 mm/min than at 300 mm/min. The reason for this is the higher heat input caused 286 

by the slower cutting speed. Therefore, the phase transformation regions are larger and more 287 

elements experience the expansion effect due to martensitic transformation. Fig. 7(a) and 7(b) show 288 

that a cutting speed producing lower thermal stress also produces more residual compressive stress 289 

during martensitic transformation. This result also indicates that steep thermal gradients should be 290 

avoided during the flame cutting process. 291 

Fig. 7(c) summarizes the whole chain of events that takes place during the flame cutting process. At 292 

first, the heat from the flame produces compressive stress near the surface. The stress changes to 293 

tensile once the heat is no longer applied and the part begins to cool down after 3 seconds. The 294 

tensile stress peak value is highest at 5 seconds, when the part has reached the Ms temperature and 295 

martensite starts to form, leading to volume expansion and hence to a change in the local stress state 296 

from tensile into compression. After the martensite transformation, the stresses gradually set into the 297 

final state (Fig. 7(b)) as the temperature decreases towards room temperature. The above-mentioned 298 

effect of martensite nucleation can be seen from the 0 mm and 1 mm stress curves, which are located 299 

in the phase transformation regions. However, the 2 mm curve is not located in the phase 300 

transformation region, and therefore the tensile stress continuously increases until the part reaches 301 

room temperature. Similar changes take place deeper in the material, but the resulting residual stress 302 

levels are at a lower level. It is noteworthy that, as Fig. 7(c) shows, the stress state near the surface 303 
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changes during the cutting process (around 2.5 seconds in Figure 7c) from compressive stress to 304 

high tensile stress before changing back to compressive. This rapid change in the stress state takes 305 

place just prior to the martensitic transformation and might create potential sites for crack formation 306 

during the cutting process.   307 

The model was used to predict residual stress formation with different flame cutting parameters and 308 

various plate thicknesses. Fig. 8 shows the residual stress curves for (a) different cutting speeds, (b) 309 

different plate thicknesses and (c) cutting at different preheating temperatures. The flame cutting 310 

speed of 300 mm/min was used in Fig. 8(b) and 8(c). The presented residual stress profiles are in the 311 

thickness direction of the modeled plate.   312 

 313 

Fig. 8. Simulation of the residual stresses (thickness direction) for different flame cutting processes: 314 

(a) cutting speed, (b) plate thickness, (c) preheating temperatures.  315 

Fig. 8(a) shows that there is a linear development in the residual stress profiles according to the 316 

cutting speed. The thermal shock effect from the flame is greater at faster cutting speeds; as a result, 317 

greater residual stress values are produced closer to the cut surface. The volume expansion of  318 

martensitic transformation is not enough to produce a residual compressive stress region on the 319 
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surface at faster cutting speeds. These results also indicate that rapid heating should be prevented 320 

during flame cutting.  321 

Fig. 8(b) shows the effect of plate thickness on the formation of residual stresses at a cutting speed of 322 

300 mm/min. The vertical deformation is not as restricted in thinner plates as it is in thicker plates. 323 

Consequently, the cutting of thicker plates causes higher residual tensile stresses in the cut edge. In 324 

addition, the residual compressive stress decreases near the cut edge as the plate thickness 325 

increases.  Therefore, due to the residual stress state produced by flame cutting, thicker plates are 326 

more prone to cracking than thinner plates.     327 

As can be seen from Fig. 8(c), preheating lowers the residual stresses produced during flame cutting. 328 

Lindgren et al. [3] discovered similar effects with preheating compared to flame cutting without 329 

preheating. Preheating of the sample increases the residual compressive stresses and decreases the 330 

residual tensile stresses. However, present studies indicate that preheating not only increases the 331 

compressive stress but also expands the compressive stress region deeper in the subsurface. This is 332 

because the part is at a uniform preheating temperature; therefore, material deeper in the plate 333 

reaches the phase transformation temperatures when the heat is applied to the cut edge. Higher 334 

preheating temperatures decrease the effect of thermal shock by lowering the temperature 335 

differences inside the part, and consequently sufficiently high preheating temperatures decrease the 336 

residual tensile stresses.   337 

Fig. 9 shows the modeled residual stress curve (thickness direction) (a) of 150 mm/min, (b) 300 338 

mm/min  and (c) 300 mm/min with 200 °C preheating, compared to experimentally measured data 339 

from a similar sample.   340 
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 341 

Fig. 9. Comparison of modeled data with experimentally obtained data from (a) 150 mm/min, (b) 300 342 

mm/min flame cutting speeds and (c) 300 mm/min cutting speed with 200 °C preheating. (d) 343 

Experimental measurements from samples which were flame cut using a cutting speed of 500 344 

mm/min, 150 mm/min cutting speed with 200 °C preheating and 300 mm/min cutting speed with 300 345 

°C preheating.  346 

Fig. 9(a) and 9(b) show that the compressive stress region is quite similar in both profiles; however, 347 

the residual tensile stress peaks are different. The tensile stress maximum is different in the model, 348 

which is to be expected, since the behavior of the material in the simulation is not totally equivalent to 349 

the behavior of steel in reality. The differences between the modelled and experimentally obtained 350 

residual stress curves of 300 mm/min (Fig. 9(b)) cutting speed are larger than for the 150 mm/min 351 

cutting speed (Fig. 9(a)). In the experimentally measured 300 mm/min flame cut sample, the tensile 352 

stress region is distributed to a larger area, which indicates that the material behavior and the heat 353 

load in the model are not fully accurate. Fig. 9(c) shows that preheating has a notable impact on the 354 

residual compressive stress region in both the modeled and measured profiles. However, there are 355 

differences, which can be explained by the slightly different cutting conditions in the actual flame 356 

cutting compared to the model. In addition, in the actual flame cutting, the tempering of martensite 357 
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also occurs, which is not taken into account in the model. In the preheated sample there is more 358 

tempering during the flame cutting compared to that without preheating, which may also be a reason 359 

for the difference between measured and modeled data.  In addition, it has been noted [19] that 360 

diffraction based residual stress measuring method not only measures the type I residual stresses 361 

(macrostresses over large distances) but the type II residual stresses (microstresses over grain scale) 362 

can be also superimposed in the results. The purpose of this work was to study only the generation of 363 

long range (type I residual stresses) stresses during flame cutting by finite element simulations. This 364 

difference might also cause the deviation between modeled and experimental results.  365 

Perfect modeling of the flame cutting process is a challenging task and there are many variables. 366 

Consequently, there are some simplifications in the model, which might have an effect on the results. 367 

It should be noted that the cracking was not taken into account in the modeling. In addition, two-368 

dimensional modeling involves some restrictions. For example, in actual flame cutting, the moving 369 

flame not only heats one side of the part but it also simultaneously heats the part from both the cut 370 

and approach directions. Furthermore, in the actual cutting process the solid part is still intact in front 371 

of the cutting flame, which may have an effect on the formation of residual stresses. To summarize 372 

the differences of the model and experimental results (Fig. 9(a), 9(b) and 9(c)), the main discrepancy 373 

is seen at depths of 1.5 mm and deeper. Based on Fig. 6, the material temperature in this depth 374 

reaches the two-phase region and the resulting final microstructure is therefore a mixture of 375 

transformed and non-transformed material. From simulation point of view, this is the most demanding 376 

region because of the following reasons: 1) The actual microstructure in this region is very sensitive to 377 

the temperature history, thus highlighting any uncertainties in the simulated temperature field. 2) As 378 

noted previously, the simulations involved some simplifications in terms of material behavior, the most 379 

notable of which was the use of one yield strength – temperature –curve (Fig. 2) for all metallurgical 380 

states of the material. This means that the plastic-deformation behavior in the above mentioned two-381 

phase region is probably oversimplified. In addition, the yield strength data obtained from the Gleeble 382 

experiments is from the heating stage only and at the maximum temperature, which is lower than in 383 

the actual flame cutting process. 3) Some phenomena, such as tempering of the martensite, were left 384 

outside the scope of the simulations, which most likely influences the results deeper in the material 385 

(the temperature deeper in the material is high enough for a long enough time so that some tempering 386 

may take place). The tempering of steel during flame cutting has an effect on the volume of the 387 
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tempered region. Therefore, the tempering also has an effect on the formation of residual stresses. In 388 

this respect, the correspondence between the simulations and the measurements is considered good.  389 

In addition to the modeled results, Fig. 9(d) shows experimentally obtained residual stress profiles 390 

from samples which were flame cut using the following parameters: 500 mm/min cutting speed, 150 391 

mm/min cutting speed with 200 °C preheating and 300 mm/min cutting speed with 300 °C preheating. 392 

It clearly shows how the residual stress state can be affected by different cutting parameters. The 500 393 

mm/min cutting speed produces a high residual tensile stress peak but only a small amount of 394 

residual compressive stress near the cut edge. In contrast, the 300 mm/min cutting speed with 300 °C 395 

preheating produced significantly more residual compressive stress near the cut edge compared to 396 

cutting without preheating. The 150 mm/min cutting speed with 200 °C preheating also produced a 397 

similar kind of compressive stress region near the cut surface, although the compressive stress region 398 

extends deeper from the cut edge than the previous preheated sample. In addition, both preheated 399 

samples have a much lower tensile stress peak compared to the sample that was cut without 400 

preheating. These experimentally measured results confirm the predictions of the model: a slower 401 

cutting speed produces more residual compressive stress, lowers the residual tensile stress peak and 402 

preheating also has a similar effect on the residual stress state. In addition, the experimental 403 

measurements show that the widest compressive residual stress region and a significantly lower 404 

tensile stress peak can be produced by combining both a slow cutting speed and preheating.  These 405 

results also confirm that the developed model gives accurate trend lines for evaluating residual stress 406 

formation during flame cutting.         407 

Conclusions 408 

Flame cutting of thick wear-resistant steel plates can be very problematic. It creates high residual 409 

stresses and may cause cracking of the steel plate. Consequently, a model was developed to 410 

investigate the problem and to study the flame cutting process. The model was created using the 411 

finite element software ABAQUS and the input material was made to behave as similarly to the 412 

studied steel as possible. The model takes into account the volume changes caused by thermal 413 

expansion (contraction) and phase transformation (austenite and martensite). A variety of simulations 414 

were computed using the model: flame cutting temperature histories, cutting at different cutting 415 

speeds, cutting different plate thicknesses and cutting using different preheating temperatures. The 416 
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model enabled the study of residual stress formation during the flame cutting process, which would be 417 

extremely difficult or impossible to do experimentally. The results showed that the faster cutting speed 418 

produces steeper thermal gradients in the cut edge than the slower cutting speed and consequently 419 

higher residual tensile stresses. In addition, the slower cutting speed produced more residual 420 

compressive stress near the cut edge than the faster cutting speed.  Therefore, rapid and large 421 

temperature variations during flame cutting should be avoided. In addition, the residual stresses vary 422 

quickly from compressive stress to tensile stress during the cutting process depending on the time 423 

and depth, which might create potential sites for crack formation. The results of the model also 424 

showed that varying the process parameters have an effect on the residual stress formation. The 425 

plate thickness also has an effect on the residual stress formation during the cutting process. Flame 426 

cutting of thinner plates created lower tensile stress maxima and more residual compressive stress 427 

than thicker plates. Therefore, the cracking tendency of thick plates is higher than thinner plates. The 428 

results also showed that preheating was an effective way to influence the residual stress formation 429 

during the cutting process.  Flame cutting with preheating reduced the residual tensile stress and 430 

produced more compressive stress near the cut edge than cutting without preheating. In addition, the 431 

experimentally measured results confirmed the predictions of the model, as the slower cutting speed 432 

and preheating produced a wider residual compressive region and lowered tensile stresses. 433 

Additionally, the experimental results showed that combining both a slow cutting speed and 434 

preheating produced even more compressive stress and a significantly lower tensile stress peak. To 435 

conclude, the model produced valuable information about the flame cutting process and formation of 436 

residual stresses. In addition, the results of the model can be used as a basis for a new flame cut test 437 

series for future studies to reveal the comprehensive effect of microstructural features on residual 438 

stress and crack formation.    439 

Acknowledgements  440 

The funding for this work was mainly provided by the TUT graduate school. The authors would like to 441 

thank Mr. Juha Uusitalo from the University of Oulu for carrying out the Gleeble experiments. 442 

References  443 

[1] L.R. Soisson: 1993, ASM Handbook Online, ASM International, Vol. 6, pp. 1155-1165. 444 



20 

 

 

[2] R. Thiébaud, J. Drezet, J. Lebet: J. Mater. Process. Technol., 2014, vol. 214, pp. 304-310. 445 

[3] L. Lindgren, A. Carlestam, M. Jonsson: J. Eng. Mater. Tech., 1993, vol. 115, pp. 440-445. 446 

[4] A. Martín-Meizoso, J. Aldazabal, J.L. Pedrejón, S. Moreno: Frattura ed Integrita Strutturale, 2014, 447 

vol. 30, pp. 14-22. 448 

[5] A.D. Wilson: Eng. J., 1990, vol. 27, pp. 98-107. 449 

[6] W. Wood: Publ. No. FHWA-RD-93-015, U.S. Department of Transportation, Federal Highway 450 

Administration, Virginia, 1994. 451 

[7] H. Thomas, J. De Back, T.J. Bos, T. Muller, J.J.W. Nibbering, C.J.J.M. Verwey, R. Vonk: Final 452 

report of Working Group 1913 of the Netherlands Institute of Welding, Technical Steel Research, 453 

Commission of the European Communities, Delft, 1980. 454 

[8] G.S. Schajer: Practical Residual Stress Measurement Methods, 1 st. ed., John Wiley & Sons Ltd, 455 

Chichester, 2013, pp. 1-3. 456 

[9] D. Radaj: Heat effects of welding: temperature field, residual stresses, distortion, Springer-Verlag, 457 

Berlin, 1992, pp. 7-9. 458 

[10] Z.Y. Wei, Y.J. Liu, B. Zhou: Adv. Mat. Res., 2011, vol. 314-316, pp. 437-447. 459 

[11] R. Thiébaud, J. Lebet: Experimental study of residual stresses in thick steel plates, Proceedings 460 

of the Annual Stability Conference Structural Stability Research Council, Texas, USA, 2012, pp. 1-16. 461 

[12] T. Jokiaho, T. Saarinen, S. Santa-Aho, P. Peura, M. Vippola: Key Eng. Mater. 2016, vol. 674, pp. 462 

103-108. 463 

[13] K.W. Andrews: J. Iron Steel Inst., 1965, vol. 203, pp. 721-727. 464 

[14] W. Steven, A.G. Haynes: J. Iron Steel Inst., 1956, vol. 183, pp. 349-359. 465 

[15] S. Kamamoto, T. Nishimori, S. Kinoshita: Mater. Sci. Technol., 1985, vol. 1, pp. 798-804. 466 



21 

 

 

[16] D.P. Koistinen, R.E. Marburger: Acta Metall., 1959, vol. 7, pp. 59-60. 467 

[17] SFS-EN 15305, Non-destructive Testing - Test Method for Residual stress analysis by X-ray 468 

Diffraction, 2008.  469 

[18] M. Fitzpatrick, A. Fry, P. Holdway, F. Kandil, J. Shackleton, L. Suominen: International 470 

Measurement Good Practice Guide No. 52, Crown, 2005.  471 

[19] P.J. Withers, H.K.D.H. Bhadeshia: Mater. Sci. Technol., 2001, Vol. 17, pp. 355-365.  472 



22 

 

 

Fig. 1. Finite element mesh with a zoomed view from the middle section. 473 

Fig. 2. The results of the uniaxial compression tests using Gleeble: yield strength at 2 % plastic strain 474 

as a function of temperature. 475 

Fig. 3. SEM micrograph from the cut edge of a 300 mm/min flame cut sample.  476 

Fig. 4. (a) Heat distribution along the cut edge (y-axis is the cutting depth). (b) The time-dependence 477 

of the heat flux amplitude for 150 mm/min cutting speed. It should be noted that the y-axis presents 478 

the magnitude of the heat flux relative to the maximum value. 479 

Fig. 5. Residual stress measurement locations of X-ray diffraction method for a flame cut sample.  480 

Fig. 6. Temperature curves from different distances from the flame cut edge at (a) 150 mm/min and 481 

(b) 300 mm/min cutting speeds. 482 

Fig. 7. Simulated residual thermal stress profiles (thickness direction) of 150 mm/min and 300 483 

mm/min flame cutting speeds (a) without phase transformations and (b) with phase transformations. 484 

(c) Modelled residual stress formation during flame cutting with 300 mm/min cutting speed. 485 

Fig. 8. Simulation of the residual stresses (thickness direction) for different flame cutting processes: 486 

(a) cutting speed, (b) plate thickness, (c) preheating temperatures.  487 

Fig. 9. Comparison of modeled data with experimentally obtained data from (a) 150 mm/min, (b) 300 488 

mm/min flame cutting speeds and (c) 300 mm/min cutting speed with 200 °C preheating. (d) 489 

Experimental measurements from samples which were flame cut using a cutting speed of 500 490 

mm/min, 150 mm/min cutting speed with 200 °C preheating and 300 mm/min cutting speed with 300 491 

°C preheating.  492 
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Amount of elements [Wt%] 

C Cr Mn Si 

0.130 0.890 0.970 0.620 

Mo Al Ni B 

0.270 0.08 0.06 0.001 

balanced with Fe 
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Ac3 1077 1350 
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Ms 440 713 
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Collimator 3 mm Poisson’s ratio  0.3 

ψ tilt angles in one direction  (side / side)  6 / 6 Voltage  30 kV 

Maximum tilt angle 40° Current 6.7 mA 

ψ oscillation 5° Radiation  CrKα 
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ABSTRACT

Thick wear-resistant steel plates are commonly used in demanding conditions,

such as in the mining industry. In harsh environments, a high degree of both

toughness and hardness is required, which extends the service life of the

components but also makes the production of the plates difficult. Flame cutting is

a generally applied cutting method in the heavy steel industry since it enables the

cutting of thick steel plates at high production rates. However, flame cutting may

cause cracks in the cut edge of the steel plates, leading to rejects for the steel

industry and end-users. In addition, cutting generates a heat-affected zone at the

cut edge, where volumetric and microstructural changes and hardness variations

take place. A steep thermal gradient, generated during flame cutting, also produces

high residual stresses on the cut edge. The goal of this study is to examine how

microstructural features contribute to the residual stress formation and cracking

probability of thick steel plates. Specific microstructural features can make the

plates prone to cracking and tend to produce undesired stresses during the cutting

process. The residual stress profiles of flame-cut specimens were measured using

the X-ray diffraction method. In addition, the mechanical properties of steel plates

were evaluated. The microstructures of the cut edge and the base material were

characterized by electron microscopy. Results indicate that the shape of the prior

austenite grains has an effect on both the cracking probability and residual stress
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formation. Longitudinally oriented prior austenite grain boundaries combined with a

high residual tensile stress state provide potential sites for cracking.

Keywords

flame cutting, microstructure, residual stress, heat-affected zone, thick steel plate, X-ray

diffractometer, electron microscopy

Introduction

High hardness and toughness are required for thick wear-resistant steel plates, but these

properties are what make manufacturing difficult. Mechanical cutting of the plates is

demanding and slow because the plates are almost as hard as the cutting tools. For this

reason, thermal cutting methods are preferred. Flame cutting especially is a generally

applied method in the steel industry for thick and wear-resistant plates. In addition, flame

cutting is an exothermal process that generates large amounts of heat during the cutting

process, which supports the continuum of the cutting process. Therefore, it enables the

cutting of very thick plates and creates a major advantage compared to other thermal

cutting methods [1].

The flame cutting process begins with heating a small area on the steel surface up to

its ignition temperature using an oxyfuel gas flame. A jet of pure oxygen is then directed to

the locally heated area, which causes rapid burning of the heated metal, thus creating a cut

edge. In addition, the oxygen jet flushes the molten iron oxide away from the cut edge

and exposes clean surfaces for cutting [2]. Consequently, a heat-affected zone (HAZ) is

generated at the cut edge of the steel plate that is due to the formation of large thermal

gradients during the flame cutting process. Martín-Meizoso et al. [3] reported that flame

cutting of a 25-mm-thick steel plate produced higher hardness values near the cut edge

that subsequently decreased toward the base material. Wilson [4] investigated thermal

cutting of steel plates with thicknesses of 25.4, 50.8, and 101.6 mm, and it was shown

that faster cutting speeds produced a narrower HAZ with higher hardness levels. In ad-

dition, richer chemistry steel plates tended to have broader and harder HAZ. Wood [5]

noticed that flame cutting of 25-mm-thick low-carbon and low-alloy steel plates produced

highest hardness close to the cut edge and decreased the hardness values toward the base

material. The maximum hardness increased with faster cutting speeds [5]. High temper-

ature and fast cooling during cutting produced a martensitic layer on the cut edge, which

was followed by a region of tempered martensite [5]. As a common finding, hardness

variations and microstructural changes take place in the HAZ, and it was noted in all

studies that the hardness was greater near the cut edge and decreased toward the base

material.

However, flame cutting may cause cracks in the cut edge of the steel plate. The size of

the cracks can vary from micrometers to several centimeters. Generally, cracks are formed

horizontally near the centerline of the steel plate, but cracks can also propagate in the

vertical direction. The cracking tendency has been noticed to increase as the hardness

and thickness of the steel increase [6]. In addition, flame cutting produces residual stresses

(RSs) at the cut edge of the steel plate, and it has been reported [7] that high residual tensile

stresses promote crack formation. RSs are internal stresses inside the material, and they are

present even after all external forces have been removed. RSs originate from local misfits of

the material, i.e., nonuniform plastic deformation that causes elastic strains to maintain
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dimensional continuum [8]. In the case of flame cutting, the RSs can be divided into ther-

mal stresses and transformation stresses. Thermal stresses arise from different thermal

expansions and contractions of material during heating and cooling. Transformation

stresses, in turn, arise from variations in volumetric sizes of different phases and micro-

constituents. [9]

RSs are often divided into three types (I, II, III) according to the scale over which they

impact and self-equilibrate. Type I is a macrostress, which varies over large distances. This

long-range stress is often referred to as the most important one because it equilibrates over

a macroscopic distance, such as the scale of a structure. In contrast, Types II and III are

microstresses, which vary in microscopic scale, thus making their influence difficult to

predict. Type II stresses vary over the grain scale and nearly always exist in polycrystalline

structures when the elastic and thermal properties are different between differently ori-

ented neighboring grains. Type III stresses exist on atomic scale and are balanced within a

grain, such as, for example, those stresses caused by dislocations and point defects. The

measuring method has to be carefully considered as it depends on the stress type that is

being measured. Typically, most material removal methods, i.e., hole drilling, measure

only Type I stresses, as Types II and III stresses are averaged to zero in the sampled area.

In diffraction-based measuring methods, the stress value is derived from a specific wave-

length and diffraction condition. Therefore, the particular phase or grain orientation is

sampled, and Type II stress can be recorded as superimposed on the Type I stress. [8]

Previous studies have been mainly focused on the modeling of RSs, and the simu-

lation results have been verified by experimental measurements. Lindgren, Carlestam, and

Jonsson [7] investigated and simulated the RS formation in the thermal cutting of thick

steel plates. It was noticed that cutting produced a compressive stress area near the cut

edge, and there was a tensile stress peak after the compressive stress region. RS values could

be affected by changing the cutting parameters; for example, preheating produced more

compressive stress and also lowered the tensile stress peak. Similar results were found in

earlier studies [10,11] by the current author; the RS state was affected by the size of the

specimen and cutting parameters. Preheating not only lowered the tensile stress but also

increased the compressive stress area by shifting the tensile stress peak deeper in the sub-

surface. However, there is still a lack of knowledge on how RSs and crack formations are

affected, e.g., by microstructural features. The aim of this study is to investigate the effect of

microstructures on the RS formation and cracking probability and to identify the most

suitable microstructural features from the flame cutting point of view.

Materials and Methods

The experimental procedure for understanding the effect of microstructural characteristics

on RS and crack formation is presented schematically in Fig. 1. Firstly, the initial mechani-

cal properties and microstructure of the studied steels (A and B) were examined. Then the

steel plates were flame cut using different cutting speeds (150, 300, and 500 mm/min) and

ultrasonically inspected after the cutting. After the ultrasonic inspection, the RSs were

measured from the flame-cut specimens. The measured specimens were then sectioned

for hardness measurements, electron microscopy analysis (SEM, transmission electron

microscope (TEM)), and glow discharge optical emission spectroscopy (GDOES) mea-

surements. Each of these experimental steps are described more precisely in the

Materials and Experimental Procedure sections.
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MATERIALS

The materials examined were hot-rolled, wear-resistant steel plates (A and B), of which

steel plate A had a higher hot-rolling temperature (above 900°C) than steel plate B (below

900°C). The compositions of the studied steels are presented in Table 1. The dimension of

the flame-cut specimens were 40 by 150 by 150 mm (thickness by width by length), and

one side of each specimen was cut with an oxyfuel propane gas flame. The cutting speeds

used for the specimens were 150, 300, and 500 mm/min, and the specimens were inspected

using Phasor XS 16/16 Olympus ultrasonic equipment (General Electric, Boston, MA)

with an MSEB 4 dual probe (4 MHz) after flame cutting. Ultrasonic inspection results

were verified by repeating the inspections with two individual researchers and by section-

ing a few specimens after inspection to confirm the existence of the defects.

EXPERIMENTAL PROCEDURE

The X-ray diffraction method (XRD) was used to measure the RSs from the flame-cut

specimens. The measurement equipment was XStress 3000 (Stresstech Oy, Jyväskylä,

Finland) and the measurement method used was the modified Chi method [12]. The prin-

ciple of the method is the calculation of the interplanar lattice spacing of the ferrite [211]

TABLE 1

Composition of studied steel types A and B.

Steel Plates C % Si % Mn % Cr % B % Mo % Al % Ni % V % Ti %

A 0.15 0.62 1.10 0.62 0.0015 0.42 0.048 0.20 0.042 0.017

B 0.14 0.55 1.05 0.57 0.0012 0.36 0.044 0.19 0.039 0.013

FIG. 1

Experimental procedure of the

study.
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plane from the 156° Bragg diffraction angle. DifferentΨ tilts are used to measure the lattice

spacing d (where the Ψ angle is the angle between the normal of the specimen and the

normal with the diffracting plane). The RS can be calculated using the elastic properties of

the material and the slope from a plot of measured lattice spacing d as a function of sin2 Ψ.
Thus, RS can be calculated from a specific measurement location by using the following

equation and [13]:

σϕ =
�

E
1 + υ

�
m (1)

where σϕ is the RS in the measurement direction ϕ, E is the Young’s modulus, ν is

Poisson’s ratio, and m is the gradient of the measured d versus sin2Ψ curve. The steeper

the gradientm, the higher the RS level. The measurement parameters used are presented in

Table 2.

RS measurements were performed at the centerline of the specimens, where the

cracks are mostly formed during flame cutting. Measurements were carried out in two

perpendicular measurement directions, 0° and 90°, which correspond to the cut direction

and to the thickness direction of the specimen, respectively. The chosen directions are the

most critical orientations for crack formation. The measurement locations and directions

are shown in Fig. 2a.

An exposure time of 5 seconds was used in each RS measurement. To produce the RS

depth profiles, the material layers were removed from the measurement location with an

electrolytic polishing machine, Movipol-3 (Struers Inc., Cleveland, OH). The electrolyte used

in polishing was A2 (60 % perchloric acid, 65–85 % ethanol, 10–15 % 2-butoxyethanol, and

5–15 % water). The removed material depths were approximately 100–200 μm between each

measurement, and each polishing step was verified with a digital dial indicator. An example

of the measured RS profile is presented in Fig. 3.

TABLE 2
Measurement parameters used for XStress 3000.

Parameter Value/Unit Parameter: Value/Unit

ϕ rotations (measurement directions) 0° and 90° Modulus of elasticity 211 GPa

Collimator 3 mm Poisson’s ratio 0.3

ψ tilt angles in one direction (side / side) 6 / 6 Voltage 30 kV

Maximum tilt angle 40° Current 6.7 mA

ψ oscillation 5° Radiation CrKα

FIG. 2

(a) RS measurement location

and directions and (b) hardness

profile location.
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RS profiles include RSs and full width at half maximum values in both the flame-cut

and thickness direction. However, as most of the cracks are formed in the flame-cut di-

rection, the most critical RSs for crack formation are the ones formed in the thickness

direction (90°) of the plates. For this reason, this study concentrates on the RS formation

in the thickness direction of the plate.

Flame-cut specimens were sectioned from the centerline for microstructural analysis,

which was carried out using scanning electron microscopes (SEMs). For microstructural

analysis and hardness measurements, the specimens were ground using abrasive silicon

carbide papers and polished with 3 and 1-μm diamond suspensions. After grinding, the

specimens were etched with 4 % Nital solution. Hardness measurements of the original

structure (HV 5 kg) were carried out using a DuraScan 80 (Struers Inc., Cleveland, OH)

and the cross-section hardness profiles (HV 0.2 kg) from the flame-cut edge were per-

formed with a MMT-X7 digital microhardness tester (Matsuzawa, Akita, Japan). The lo-

cation of the hardness tests in relation to the flame-cut edge is presented in Fig. 2b. Tensile

tests in the thickness direction were carried out with an MTS 250 kN and tests were per-

formed according to SFS-EN ISO 6892-1, Metallic Materials—Tensile Testing—Part 1:

Method of Test at Room Temperature [14]. In addition, GDOES profiles were measured

from the flame-cut surfaces with a GDA 750/GDA 550 spectrometer (Spectruma Analytik

GmbH, Hof, Germany). The microstructure characterization was carried out using a

Philips XL-30 SEM (SEMTech Solutions, Billerica, MA) and an ULTRAplus field emission

SEM (ZEISS, Oberkochen, Germany).

In addition, the specimens were analyzed in SEM with an HKL Premium-F Channel

Electron Backscatter Diffraction (EBSD) system equipped with a Nordlys F400 detector

(Oxford Instruments, Abingdon, United Kingdom). The specimens used in the EBSD

measurements were sectioned and ground using abrasive silicon carbide paper and then

polished with a colloidal silica suspension (0.04 μm). A step size of 0.1 μm and an accel-

eration voltage of 20 kV were used in the EBSD analysis of cross-sectional areas measuring

209 by 144 μm. The EBSD data obtained from the original microstructure was used as

a starting point for reconstructing the grain boundaries of the prior austenite. The

reconstruction was carried out using a MATLAB-based (MathWorks, Natick, MA) iter-

ative algorithm originally developed by Nyyssönen et al. [15]. The algorithm determines an

experimental orientation relationship between martensite and prior austenite and uses that

information to reconstruct the grain boundaries of prior austenite. The script used was

FIG. 3

RS profile from flame-cut

specimen. RS and full width at

half maximum in flame-cut

direction (0°) and thickness

direction (90°).
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supplemented with the MTEX texture and crystallographic analysis toolbox developed by

Bachmann, Hielscher, and Schaeben [16]. A map revealing the grain boundaries was as-

sembled from the EBSD orientation pixel map by using MTEX as described in Ref. [15]. A

minimum grain boundary threshold value of 8° was applied. The prior austenite grain sizes

(PAGS) were then measured from the reconstructed grain boundary maps by mean linear

intercept.

A JEM-2010 TEM (Jeol Ltd., Tokyo, Japan) equipped with a Noran Vantage Si(Li)

detector energy dispersive spectrometer (EDS; Thermo Fisher Scientific Inc., Raleigh, NC)

was used to analyze precipitates before and after flame cutting. The TEM specimens were

prepared using an extraction replica technique: the sectioned specimen was polished by a

traditional metallographic method followed by etching (Nital 4 % solution) to remove the

matrix so that the precipitates stood proud of the specimen surface. Then, a carbon film

was evaporated on the specimen surface and scored into ~1 mm2. After this, etching con-

tinued to dissolve the matrix and the squares of the carbon film carrying the precipitates

with them were floated in distilled water and collected on copper TEM grids.

Results

SEM micrographs from the centerline of steel specimens A and B are presented in Fig. 4.

The original structure of the specimens consists mainly of lath martensite (M, shown in

Fig. 4). However, both microstructures may also contain a small amount of bainite (B,

shown in Fig. 4), which is often difficult to distinguish from a martensite structure.

Some of the prior austenite grains can be distinguished in steel specimens A and B.

However, the martensite and prior austenite grain structures are difficult to evaluate and

compare from the SEM micrographs. For further investigation, an EBSD analysis was

made for both steels, and the prior austenite grain boundaries (PAGBs) were constructed

as previously described. The reconstructed PAGBs from the original microstructures of

specimens A and B are presented in Fig. 5.

EBSD analysis and reconstruction of the prior austenite grains were used to calculate

the PAGS and to evaluate the microstructures of the specimens using an 8° minimum

grain boundary threshold. The PAGS of specimens A (Fig. 5a) and B (Fig. 5b) are

53 μm and 34 μm, respectively. Steel A has equiaxed prior austenite grains with few packet

boundaries inside the grains. In contrast, the prior austenite grains in Steel B are elongated

FIG. 4 SEM micrographs of steel specimens (a) A and (b) B. Arrows indicate examples of martensite (M) and bainite (B).
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in the horizontal direction with more packet boundaries. In addition, Steel B has more

block boundaries and a denser martensitic block structure compared to Steel A.

The initial mechanical properties of Steels A and B were tested by means of hardness

measurements and tensile tests. The results presented in Table 3 show that there is only a

small variation in hardness values and tensile properties between Steels A and B. To sum-

marize, the mechanical properties of the original structures are similar for both steels.

However, as noted previously, significant differences were observed in their microstruc-

tural features, especially in the prior austenite grain morphologies of Steels A and B.

FLAME CUTTING EXPERIMENTS

Steel specimens A and B were flame cut using three different cutting speeds: 150, 300, and

500 mm/min. Microstructural characterization showed that all the tested flame cutting

speeds created a HAZ at the cut edge of the steel plate. In addition, three distinct micro-

structural regions (presented in Fig. 6) were identified from the HAZ in all the studied

specimens a newly formed martensite region, a two-phase region, and the tempered origi-

nal structure.

These regions have typical features that are present in all the studied flame-cut

specimens. The region closest to the cut edge is fully austenized during the flame cutting

and transforms into martensite during rapid cooling. An example micrograph of the

martensite region formed close to the cut edge is presented in Fig. 7. The martensite region

near the cut edge consists of martensite laths and autotempered martensite regions

(indicated by arrows in Fig. 7), containing acicular-shaped cementite (Fe3C) particles

[17]. Martensite transformation occurs between the martensite start (Ms) and martensite

finish (Mf) temperatures, which depend on the carbon content and alloying of the steel.

FIG. 5 Reconstructed PAGB maps for specimens (a) A and (b) B. PAGBs are superimposed on EBSD band contrast images as black

lines. The red and green lines show the packet and block boundaries of martensite, respectively. (For interpretation of the

references to color in these figures, the reader is referred to the web version of this article.)

TABLE 3
Initial mechanical properties for Steels A and B. Tensile strength (Rm) corresponding to the
maximum force and reduction of the area at fracture (Z %) in tensile tests. PAGS is expressed as the
mean linear intercept (Lm) calculated from EPSD data.

Steel Grade Hardness (HV 5kg) Rm (MPa) Z % PAGS Lm (μm)

A 399 1,217 51 53

B 414 1,184 53 34
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Therefore, the martensite that formed close to the Ms temperature is exposed to tempering

conditions during the remaining quench cycle, which is called autotempering. The effect of

autotempering increases with lower carbon content (lower carbon steels have a higher Ms)

and a reduction in quench severity (increasing the time that fresh martensite is exposed to

elevated temperatures) [18].

After the newly formed martensite, there is a two-phase region, which is a mixture of

newly formed martensite and tempered original structure. An example structure of the

two-phase region is presented in Fig. 8. The two-phase region is partly austenized during

flame cutting and the austenization occurs heterogeneously at the PAGBs, while the rest of

the structure is heavily tempered. During cooling, austenite forms a fine martensite lath

FIG. 6 SEM micrograph of the HAZ showing the newly formed martensite (1.), two-phase region (2.), and tempered original

structure (3.).

FIG. 7

SEM micrograph of a newly

formed martensite region close

to the cut edge. This region

consists of a mixture of

martensite laths and

autotempered martensite

(indicated by arrows)

containing acicular-shaped

Fe3C.
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structure, which creates martensitic chains in the PAGBs while the original structure inside

the prior austenite grains is tempered.

After the two-phase region, there is the tempered original structure, which is presented

in Fig. 9. The original structure is the most tempered in the two-phase region that undergoes

the highest temperatures during flame cutting without austenizing. The tempering effect

FIG. 8

SEM micrograph of the two-

phase region containing both

newly formed martensite and

tempered original structure.

FIG. 9

SEM micrograph of tempered

original structure containing

fine dispersed Fe3C particles

(white dots).
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gradually decreases as it goes deeper into the subsurface. The fine structure of dispersed Fe3C

particles can be seen throughout the tempered region. The number of Fe3C particles decrease

deeper from the cut edge as the tempering of the structure decreases.

Microstructures of the cut edge and two-phase region are presented in Fig. 10

for specimens A and B after flame cutting was performed at speeds of 150, 300, and

500 mm/min. Additionally, Fig. 10 shows the measured RS profiles in the thickness

direction for each specimen.

FIG. 10 Microstructural regions of the cut edge (newly formed martensite (1.), two-phase region (2.), and tempered region (3.)) from

specimens A and B after 150, 300, and 500 mm/min of flame cutting. The measured RS profiles in the thickness direction are

represented for each specimen.
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The microstructures of the flame-cut edges (Fig. 10) indicate that the newly formed

martensite region (1.) is wider near the cut edge at slower cutting speeds. As the cutting

speed increases, the thickness of the newly formed martensite layer decreases. The heat input

is higher at slower cutting speeds and, for this reason, the fully austenized region reaches

deeper into the subsurface compared to faster cutting speeds. Similar observations can be

made for the two-phase regions (2.), which are presented in Fig. 10. The two-phase region

is the widest at a cutting speed of 150 mm/min while a cutting speed of 500 mm/min

produces the narrowest two-phase region. Additionally, the two-phase regions of the spec-

imens highlight the prior austenite grain structure (martensite formation at the PAGBs)

and similar observations can be made from both the two-phase region and the recon-

structed EBSD images (Fig. 5). The two-phase regions of Steel A consist of prior austenite

grains with equiaxed morphology, while the same regions of Steel B contain prior austenite

grains with clearly elongated morphology. In addition, Fig. 10 plainly shows the gener-

ation of RSs in different microstructural regions of the cut edge. The martensite trans-

formation occurring near the cut edge (1.) creates compressive stress. After that, the

RS values start to increase and transform into tensile stress within the two-phase region

(2.). The highest RS values are attained in the tempered region (3.).

The RS profiles shown in Fig. 10 are collected in Fig. 11 for further comparison. In

flame cutting, the RSs are caused by the thermal shock (thermal stresses) and microstruc-

tural changes (transformation stresses) that are produced by the high temperatures and

fast cooling during the cutting process.

As previously mentioned, martensite transformation creates a compressive stress

region near the cut edge of the steel plates (Fig. 11). The extent and the values of the

compressive stress region depend on the cutting speed. A slow cutting speed produces

a wider compressive stress region (it shifts the tensile stress peaks deeper into the subsur-

face) and more compressive stress compared to faster cutting speeds. After the compres-

sive stress region, the RS levels start to increase and finally form tensile stress peaks in

the tempered region. As can be seen in Fig. 11, the tensile stress peaks generated in

Steel A are smaller in comparison with Steel B. In Steel B (Fig. 11b), the tensile stress

FIG. 11 RS profiles (thickness direction) measured for steel specimens (a) A and (b) B at cutting speeds of 150, 300, and 500mm/min.
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peak values are approximately 600 MPa in all the specimens. In contrast, the tensile stress

peak values of Steel A (Fig. 11a) are approximately 100–150 MPa lower than in Steel B.

Fig. 12 presents the measured hardness profiles from the flame-cut edges of specimens

A and B at cutting speeds of 150, 300, and 500 mm/min. The newly formedmartensite region

has the highest hardness levels near the cut edge in both steels. As the two-phase region starts,

the hardness values gradually reduce as the content of newly formed martensite decreases

and the fraction of tempered structure increases. The lowest hardness values are attained at

the end of the two-phase structure where the original structure is the most tempered. After

that, the hardness values start to increase toward the original hardness values. Fig. 12

indicates that the cutting speed has a role in determining the width of the area of the mar-

tensite region near the cut edge in both specimenmaterials. A faster cutting speed produces a

narrower martensite region than slower cutting speeds. For this reason, hardness values start

to decrease deeper in relation to the cut edge (as the two-phase region starts) at a cutting

speed of 150 mm/min. In Steel A (Fig. 12a) there is some scatter in the hardness values in the

tempered region and the 300 mm/min cutting speed shows higher values than those at cut-

ting speeds of 150 and 500 mm/min. This might be due to segregation occurring in the hot

rolling of the steel plates. Segregation can locally increase the hardness values and may create

local hardness peaks in the hardness profiles. Similar hardness fluctuations can also be seen in

Steel B, which is flame cut at 150 mm/min (Fig. 12b). The hardness changes from low

(350 HV 0.2 kg) to high values (500 HV 0.2 kg) rapidly over a short distance.

GDOES profiles and SEM micrographs from the cut surfaces of Specimens. A and B

are presented in Fig. 13. Both specimens were flame cut at a cutting speed of 300 mm/min.

The GDOES profiles show that a thin iron oxide layer is formed in the cut surface during

flame cutting. In addition, the cut surface is partly melted during the flame cutting process

FIG. 12 Hardness profiles (HV 0.2 kg) from the cut edges of specimens (a) A and (b) B at cutting speeds of 150, 300, and

500 mm/min.
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because of heat conduction and the molten region is enriched with carbon, molybdenum,

and nickel. In addition, a small content of enriched titanium is present in the cut surface.

However, results show that manganese, chromium, and silicon are burnt out from the cut

FIG. 13

GDOES measurement and

SEM micrographs from the cut

surfaces of specimens (a) A

and (b) B, which were flame cut

using a cutting speed of

300 mm/min.
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surface during the flame-cut process. A relatively high content of nitrogen, obtained in the

cut surface, is most likely the result of diffusion from the atmosphere. The SEMmicrographs

in Fig. 13 show the partly molten surface region (grey areas in the cut surface without a clear

microstructure). In general, the GDOES profiles from Specimen A and B are quite similar.

The oxygen content near the cut edge is higher in Specimen B than in Specimen A. In

contrast, the nitrogen level is lower in Specimen B compared to Specimen A.

The characterization of carbon extraction replicas was carried out for both as-received

and flame-cut specimens. The carbon extraction replicas showed that both the original and

the flame-cut specimens contained evenly distributed precipitates in the size range of

10–60 nm. The total investigated area was 136 μm2 in each specimens. Steel specimen

A contained 18 precipitates per 10 μm2, Specimen B contained 17 precipitates per

10 μm2, and flame-cut steel contained a similar amount of precipitates. This result indi-

cates that precipitates were already formed during the manufacturing process and are not

affected by flame cutting. The EDS analyses performed for individual precipitates indicate

that they are titanium-rich precipitates. TEM micrographs and selected area electron dif-

fraction (SAED) pattern of extraction replica specimen from steel A are presented in

Fig. 14. SAED patterns indicate that the structure of the precipitates is a cubic rock salt

structure (space group Fm3̄m) which is a common structure for titanium carbides,

titanium nitrides, and titanium carbonitrides (International Centre for Diffraction

Data [ICDD], PDF-4+ 2015 database, 00-031-1400, 00-038-1420, 00-04201488).

After flame cutting, the specimens were inspected with ultrasound by two individual

researchers, and the results are presented in Fig. 15. The ultrasonic inspection results

clearly show that Steel B has a higher cracking tendency than Steel A. With the same

amount of inspected cut surfaces (total cut edge length 4,800 mm), Steel A has 3 cracks

(1 crack/1,600 mm) and Steel B has 14 cracks (1 crack/350 mm). The cracks located hori-

zontally in the tempered region below the cut surface are according to the ultrasonic

inspection results and the analysis of a few sectioned cracked specimens.

Discussion

Wear-resistant steel plates with two different microstructures were investigated to study

the effect of microstructural features on the RS formation and cracking that was due to

FIG. 14

TEM analyses for the extraction

replica specimen from Steel A.

The amount of precipitates was

not reduced or changed during

flame cutting.
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flame cutting. The chemical compositions and initial mechanical properties were approx-

imately the same between the studied steels. As the microstructural analysis showed, the

main difference in the studied steels was the prior austenite grain structure that was due to

the different production histories. Steel A (equiaxed steel) consisted mainly of equiaxed

prior austenite grains with few packet boundaries inside the grains, whereas the Steel B

(elongated steel) contained elongated prior austenite grains in the horizontal direction

with more packet boundaries. In addition, elongated steel had more block boundaries

and a denser martensitic block structure compared to equiaxed steel. Generally, the mar-

tensite packet and block size are determined by prior austenite grains [19,20]. Additionally,

the denser martensite blocks and packets in elongated steel compared to equiaxed steel

may be caused by the bainite transformation that has taken place before martensite trans-

formation. The formation of bainite refines subsequent martensitic packets and blocks,

which has been reported [21] to increase the barriers to crack propagation. From the crack

propagation point of view, it has been found [22] that existing boundaries in the marten-

sitic structure are beneficial because they act as obstacles to crack propagation. Although

both packet and block boundaries act as obstacles, it has been observed that packet boun-

daries deflect more cleavage cracks than block boundaries. The reason for this is the crys-

tallographic misorientations of packet boundaries, which are bigger than block boundaries,

and the fact that more energy is needed for the crack to cross packet boundaries. [22]

However, PAGBs have been shown [19] to be the most effective barriers for crack propa-

gation because they have a relatively high angle compared to other boundaries; in fact, a

crack was observed to change direction as it encountered a PAGB. In the present study, the

PAGS is larger in equiaxed steel than in elongated steel, which has more grain boundaries.

However, the horizontally elongated PAGBs may act as potential paths for crack propa-

gation rather than obstacles. Despite the bigger grain size, the equiaxed prior austenite

grains would create more obstacles in the vertical direction in comparison with grain

boundary chains as in elongated steel.

Flame cutting created three types of microstructural regions in the HAZ of the cut

edge. A martensite region was formed closest to the cut edge. This region was fully auste-

nized during flame cutting and, during cooling, formed martensite. After the martensite

region, there was a two-phase region that partly austenized during flame cutting. The

austenitization in the two-phase region occurred heterogeneously in the PAGBs, while

the rest of the structure was tempered by the heat from the flame-cut process. After the

FIG. 15

Ultrasonic-inspected flame-cut

specimens of Steels A and B.
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two-phase region, there was a tempered original structure in which the tempering effect

gradually decreased as it went deeper into the subsurface. Generally, tempering is divided

into four stages [23]. The first stage (<250°C) includes the redistribution of carbon

atoms and precipitation of transition carbides such as ε (Fe2.4C). However, it has been

stated [24] that in low-alloy steels only the redistribution of carbon occurs in the first

stage of tempering without ε-carbide formation. In the second stage (200°C–300°C),

decomposition of retained austenite occurs. The third stage (200°C–350°C) involves

the formation of Fe3C particles, which most likely nucleate in ε-iron carbide interfaces

and in both the interlath boundaries of martensite and the PAGBs. In the fourth stage

(>350°C), Fe3C particles coarsen and spheroidize. [23] However, in the present study,

the tempering process could take place only for a very short time at high temperatures

near the cut edge during flame cutting. The migration of trapped carbon atoms occurs

within a short period of time. As the carbon content of the studied steel is low, it is

assumed that ε-carbide precipitation does not occur. Fe3C formation, in turn, starts

as the temperature rises above 200°C. However, it seems that there is not enough time

for any significant coarsening of Fe3C particles, which leads to a fine, dispersed Fe3C

structure.

The martensite region had the highest hardness of all three regions; however, it

started to decrease in the two-phase region. The lowest hardness values were in the tem-

pered region, which followed the two-phase region, and after that, the hardness gradually

increased deeper into the subsurface. According to Wood [5], the hardness of the surface

region increases with faster cutting speeds. This was explained by the HAZ microstruc-

tures that were identified as a bainite with a slower cutting speed and as a martensite with a

faster cutting speed. The present study shows that the hardness values in the surface region

(>0.8 mm) were approximately the same with all studied cutting speeds. The reason for

this is that the cooling conditions with all used cutting speeds produce similar kinds of

martensite structures close to the cut edge.

According to a study by Lindgren, Carlestam, and Jonsson [7], flame cutting created a

compressive or low tensile stress region (>1 mm) near the cut edge, which was followed by

a tensile stress peak (2–3 mm below the surface). It was also stated that RS can be affected

by chancing the cut parameters, for example, by using preheating. Similar results were also

found in earlier studies by the current author [10,11], which state that the RS levels could

be affected by using different cutting parameters, such as cutting speed. The present study

shows that the shape of the RS profiles (compressive region near the cut edge followed by

tensile stress peak) are similar to those in the previous studies [7,10,11]. In addition, it can

be clearly seen how RS levels are chanced depending on the microstructural region in the

HAZ. The martensite region produced residual compressive stress near the cut edge, and

the RS changed from compressive to tensile stress in the two-phase region. The highest

tensile stress values were in the tempered region following the two-phase region. As the

cutting speed increases, the width of the martensite and two-phase region decreases be-

cause of the lower heat input created by the flame cutting process. In addition, a slower

cutting speed produced more residual compressive stress in the cut edge compared to a

faster cutting speed. According to the author’s earlier study [11], the reason for this is

that a fast cutting speed produces higher temperature differences in the cut edge during

flame cutting compared to a slow cutting speed. The heating stage creates a thermal

shock, which causes high thermal tensile stress (that is caused by uneven plastic strain

due to the thermal expansion and contraction that occurs during flame cutting) close to

the cut edge. The thermal shock is greater at faster cutting speeds and, for this reason,
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produces more thermal tensile stress in the surface. During cooling, the austenized sur-

face region forms martensite, leading to the structural expansion of the surface area,

which is partly restrained by the inner structure. The expansion caused by martensite

formation changes the thermal tensile stresses that are in the surface to compression

stresses. As the thermal shock (and thermal tensile stress) is higher at faster cutting

speeds, the martensite expansion creates less compressive stress in the surface region

than it would at a slower cutting speed.

Equiaxed steel produced lower tensile stress peaks compared to elongated steel. In

elongated steel, the tensile stress peak values are approximately 600 MPa in all the

specimens. In contrast, the tensile stress peak values of equiaxed steel are approxi-

mately 100–150 MPa lower than in elongated steel. The RS results indicate that

the microstructural features of equiaxed steel produce less tensile stress in the cut

edge compared to elongated steel. Studies have shown [25] that dislocation pileups

exist in the vicinity of grain boundaries and affect the local RS levels. A dislocation

pileup creates a local stress peak in the grain boundary, and the RS levels monoton-

ically decrease with increasing distance from the grain boundary. Elongated steel has

more high-angle grain boundaries present in the vertical direction compared to equi-

axed steel, which might create local stress peaks in the structure. In addition, the elon-

gated shape of the grains indicate that the structure contains more dislocations in

comparison with equiaxed prior austenite grains. As a result, the local stress peaks

that are formed in the grain boundary level (Type II RS) may be superimposed in

the measured RS profiles (Type I RS) thus creating higher tensile stress levels in elon-

gated steel compared to equiaxed steel.

The ultrasonic inspection results showed that elongated steel contained more cracks

than those contained in equiaxed steel. The cracks were located in the tempered region

below the cut surface, which also contained the highest residual tensile stresses. These

results indicate that the combination of high residual tensile stress with the microstruc-

tural features observed from elongated steel led to an enhanced cracking tendency in

comparison with equiaxed steel. The results of this study indicate that the horizontally

elongated grain structure is unbeneficial in both RS and crack formation points of

view. The elongated prior austenite grain–structured steel produced higher tensile stress

peaks during flame cutting compared to steel, which consisted of equiaxed prior aus-

tenite grains. In addition, elongated prior austenite grain structures create long parallel

grain boundary chains, which can act as possible paths for crack formation. The sus-

ceptible microstructure of elongated prior austenite grains associated with the high

residual tensile stresses formed during flame cutting make the steel plate vulnerable

to crack formation.

Conclusions

Wear-resistant steel plates with two different microstructures were investigated to study

the effect of microstructural features on the RS formation and cracking that is due to flame

cutting. The following conclusions can be made from this study:

(1) The flame cutting process creates three types of microstructural regions in the HAZ
of the cut edge: the martensite region, two-phase region, and tempered original
structure. The depth of these regions was shown to depend on the cutting speed.
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(2) Different microstructural regions have different hardness and RS values. The mar-
tensite region closest to the cut edge is the hardest and tends to produce compres-
sive RS. In the two-phase region, the hardness values decrease, and RS values start
to increase as the newly formed martensite region is mixed with the tempered origi-
nal structure. The original structure, which is tempered during the flame cutting
process, has both the lowest hardness values and the highest residual tensile stress
values.

(3) Equiaxed prior austenite grains produced lower tensile stress peaks compared to
steel with horizontally elongated prior austenite grains.

(4) Elongated prior austenite grain–structured steel was more prone to cracking com-
pared to equiaxed steel. Horizontally elongated PAGBs can act as potential paths
for crack propagation. Equiaxed prior austenite grains created more obstacles in
the vertical direction in comparison with grain boundary chains found in elongated
prior austenite grain structures.

(5) Prior austenite grain structures have an effect on both the RS formation and the
probability of cracking. The combination of elongated prior austenite grains and
high-residual tensile stresses makes steel plates more prone to crack formation dur-
ing the flame cutting process.
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Role of Steel Plate Thickness on the Residual Stress
Formation and Cracking Behavior During Flame
Cutting
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Thick wear-resistant steel plates are utilized in challenging applications, which require a high
hardness and toughness. However, utilization of the thick plates is problematic as they often
have nonuniform mechanical properties along the thickness direction due to the manufactur-
ing-induced segregations. In addition, the processing of thick plates commonly involves flame
cutting, which causes several challenges. Flame cutting forms a heat-affected zone and generates
high residual stresses during the cutting process. In the worst case, flame cutting causes cracking
of the cut edge. The aim of this study is to investigate the role of plate thickness on the residual
stress formation and cracking behavior when utilizing flame cutting. Residual stress profiles are
measured by X-ray diffraction, plates and cut edges and are mechanically tested and
characterized by electron microscopy. The results show that thicker plates generate more
unfavorable residual stress state during flame cutting. Thick plates also contain segregations,
which have decreased mechanical properties. The combination of high residual tensile stresses
and segregations increase the risk of cracking during flame cutting. To prevent the cracking, the
residual stresses should be lowered by lower cutting speeds and preheating. In addition,
manufacturing practices should be aimed at lowering segregation formation in thick plates.

https://doi.org/10.1007/s11661-019-05314-w
� The Author(s) 2019

I. INTRODUCTION

THICK wear-resistant steel plates are utilized, for
example, in the mining industry, where a high degree of
hardness and toughness is required. In terms of prop-
erties and manufacturing, thick steel plates are more
complex compared to thin plates. During solidification,
liquid steel may cool unequally and the solidification
process may proceed at different rates at different
locations in the plate. The formation of segregation on
the center plane of the plate is caused by the enrichment
of alloying elements such as carbon, phosphorus, sulfur,
and manganese near the center region of the thick steel
plate. The rolling process compresses the regions
enriched by alloying elements and nonmetallic inclu-
sions into thin sheets or strips and results in a layered
structure.[1,2] There have been several studies related to
the mechanical properties of thick steel plates. Yang

et al.[1] studied 100- and 120-mm-thick steel plates and
noticed that the mechanical properties of plates vary
depending on the test location in the thickness direction
and generally that properties deteriorate toward the
center region of the plate. Wang et al.[2] investigated
steel plates with thicknesses of 60, 90, 120, and 150 mm,
and the results indicated that yield strength, ductility,
and fracture toughness values decline as the testing
position is changed from the plate surface toward the
centerline. Additionally, these properties become worse
with increasing plate thickness. Wang et al.[3] studied
60-, 80-, 100-, 120-, and 150-mm-thick plates and
indicated that the mechanical properties decrease as
the plate thickness increases. It was noted that tensile
strength, ductility, impact toughness, and fracture
toughness were lower in both the transverse and
thickness directions as the plate thickness increases. In
addition, mechanical properties and impact strength in
the thickness direction have been shown to be inferior to
those in the horizontal directions (transverse or rolling
direction).
The manufacturing of wear-resistant and thick steel

plates includes cutting, which is difficult due to the
hardness, toughness, and thickness of the plates.
Mechanical cutting is slow and challenging because the
plates are often as hard as the cutting tools. Therefore,
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thermal cutting is a commonly utilized method in the
steel industry for cutting thick wear-resistant steel
plates. In particular, flame cutting is preferred as it is
suitable for thick plates and high production rates. The
flame cutting process is exothermal and generates large
amounts of heat during the cutting. The generated heat
supports the continuity of the cutting process and
enables the cutting of very thick steel plates.[4] The flame
cutting process includes three stages: First, the steel is
locally heated to its ignition temperature by using an
oxyfuel gas flame. Second, a jet of pure oxygen is
directed to the locally heated area. The oxygen jet causes
rapid burning of the steel, thus, cutting through the steel
plate. Third, the oxygen jet blows away the iron oxide
from the cut edge and exposes clean surfaces for further
cutting.[5]

Due to the inherent characteristics of the flame
cutting process, a notable heat-affected zone (HAZ) is
formed near the cut edge of the steel plate. In the HAZ,
hardness variations and microstructural and specific
volume changes take place. Wood[6] studied
25-mm-thick, low-carbon and low-alloy steel plates
and noticed that flame cutting produced a higher
hardness region close to the cut edge and the hardness
values decreased with increasing distance from the cut
edge. Similar findings were reported by Martı́n-Meizoso
et al.,[7] who also studied the flame cutting of
25-mm-thick steel plates. Wilson[8] studied the flame
cutting of 25.4-, 50.8-, and 101.6-mm-thick plates and
indicated that a higher cutting speed generated narrower
HAZ and higher hardness. It was also reported that
plates with an increased amount of alloying elements
tend to produce harder and broader HAZ. In addition,
in an earlier study,[9] it was confirmed that the flame
cutting process creates three types of microstructural
regions in the HAZ: a martensite region, two-phase
region (mixture of newly formed martensite and tem-
pered original structure), and tempered original struc-
ture. The region closest to the cut edge is fully
austenized during the flame cutting, and during cooling,
it transforms into martensite. Behind the newly formed
martensite region, there is a two-phase region, which is
partly austenized during flame cutting and during
cooling forms martensite while the nonaustenized
regions are tempered. The rest of the HAZ structure
consists of the tempered original structure, and the
tempering effect gradually decreases with increasing
distance from the cut edge.

In addition to microstructural changes, flame cut-
ting generates residual stresses near the cut edge of the
plate. Residual stresses are internal stresses that exist
in the component even after the external applied loads
are removed. Residual stresses originate from a local
misfit inside the solid body, such as local plastic
deformation, which is balanced by local elastic
strains.[10] In flame cutting, the residual stresses can
be classified as thermal stresses and transformation
stresses. Thermal stresses are caused by different
thermal expansions and contractions that occur dur-
ing heating and cooling. Local thermal expansion and
contraction is restrained by the cold surrounding
regions, leading to plastic deformation in restrained

regions and residual stresses. Transformation stresses
arise from local phase transformations, which cause
volume changes in these regions. For example, martensite
transformation includes volumetric expansion, which can
be incoherent with the other microstructural regions and
thus create residual stresses.[11] Often residual stresses are
grouped into three types (types I, II, and III residual
stresses) depending on the range they affect and over
which they self-equilibrate. Type I is a macrostress, which
varies over large distances, and equilibrates on a macro-
scopic scale. Types II and III are microstresses, which
vary and equilibrate on a microscopic scale. Type II
stresses exist in the grain scale, and they usually occur in
polycrystalline structures. Type III stresses vary on
atomic scale and often originate from dislocations and
point defects. Usually, for example, in the hole drilling
method, only type I residual stresses are measured as type
II and III stresses are averaged to zero within the
sampled area. However, it has been noted that in
diffraction-based measuring methods, where a particular
phase or grain orientation is sampled, type II residual
stress can be superimposed on the type I stress.[10]

In the worst-case scenario, flame cutting leads to
cracking of the cut edge. The crack size can be several
centimeters long. Commonly cracks are formed in the
horizontal (sheet) plane, but they may also propagate in
the vertical direction. In an earlier study[9] by the current
author, it was found that cracks are often formed just
beneath the flame cut surface and for that reason they
are difficult to detect. The cracking probability has been
noticed[12] to enhance with increasing plate hardness and
thickness. In addition, Lindgren et al.[12] reported that
high residual tensile stresses promote crack formation. It
was shown that a residual compressive stress area is
formed close to the cut edge, which is followed by a high
residual tensile stress area deeper in the component. It
was also noted that a slower cutting speed and flame
cutting with preheating produce a lower residual stress
state in the cut edge. Similar results were obtained in
other studies[13,14] by the author; the residual stress
formation during flame cutting can be affected by the
size of the sample and cutting parameters. In addition,
preheating not only decreases the residual stresses in
general but also increases the compressive stress region
close to the surface by shifting the tensile stress region
deeper into the subsurface.
This study is a continuation for previous studies by

the current author. The first study[14] confirmed that the
residual state of the flame cut edge can be affected by
variating the cutting parameters. In another study,[13] a
model was developed to investigate the flame cut process
and residual stress formation. It was used for example to
investigate the thermal histories and residual stress
formation of the modeled sample during flame cutting.
The combination of preheating and low cutting speed
produced the most beneficial residual stress state with
the most compressive stress and the lowest tensile stress
peak. To obtain further knowledge of the flame cut
process and cracking behavior, another study[9] was
made to investigate the microstructural characteristics
related to this topic. It was shown that a higher residual
stress state was caused by elongated prior austenite
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grains compared to an equiaxed prior austenite grain
structure. In addition, the cracking probability is higher
with an elongated prior austenite grain structure com-
pared to equiaxed prior austenite grains. The elongated
prior austenite grain structure is susceptible to cracking as
it creates grain boundary chains, which can act as possible
paths for crack formation. However, despite the studies
mentioned earlier, there is still a considerable lack of
knowledge on how the plate thickness affects the residual
stress formation and cracking in flame cutting. The aim of
this study is to determine the effect of the steel plate
thickness on the residual stress formation and on the
cracking probability. To achieve this goal, wear-resistant
steel plates of varying thickness were mechanically tested,
flame cut in controlled conditions, and inspected with
ultrasound to evaluate the cracking tendency. After this
the resulting residual stress state as well as the changes in
the microstructure near the cut edge were characterized.
The results of this study can be utilized to avoid the
cracking of the plates during flame cutting and to improve
the manufacturing of thick plate products.

II. EXPERIMENTAL PROCEDURE

The studied samples were aluminum-killed, hot-rolled,
wear-resistant steel plates. The plate thicknesses of the
examined samples were 20, 40, and 60 mm (width
150 mm, length 150 mm). One side of each sample was
flame cut utilizing an oxyfuel propane gas flame. The
flame cutting parameters applied are shown in Table I.
The preheating at 200 �C (holding time ~ 1 h) of the 40-
and 60-mm plates was performed in an industrial furnace
under a normal air atmosphere, and the plate tempera-
ture was verified by a radiation thermometer. After flame
cutting, the samples were inspected using Phasor XS 16/
16 Olympus ultrasonic equipment with a MSEB 4 dual
probe (4 MHz). The ultrasonic inspection results were
verified by having two individual researchers repeat the
inspections and by sectioning a few samples after
inspection to confirm the existence of defects. The
nominal composition of the studied sample material is
presented in Table II, and the carbon equivalent is

calculated with Ito and Besseyo (1), which covers low
ranges of carbon (< 0.18 wt pct C). Steels with over
0.4 wt pct CE cannot be easily welded because of their
increased tendency to form martensite.[15]

Residual stress measurements were performed using
an XStress 3000 X-ray diffractometer (manufactured by
Stresstech Oy) by the modified Chi method.[16] The
residual measuring method is described in more detail in
previous studies.[9,13,14] The examination locations and
directions of the residual stress measurements are
described in Figure 1. As shown in the figure, measure-
ments were performed at the centerline of the samples
(where the cracks are mostly formed during flame
cutting) in two perpendicular measurement directions:
the rolling direction (0 deg) and the thickness direction
(90 deg). The selected directions are the most important
orientations from crack formation point of view.
Sectioned flame cut samples were analyzed using

scanning electron microscopes (SEMs). Grinding of the
sampleswere donewith abrasive SiCpapers andpolishing
with 3-lmand1-lmdiamond suspensions.After grinding
and polishing, the samples were etched using 4 pct Nital
solution. Microstructural characterization was per-
formed using a Philips XL-30 SEM and a Zeiss ULTRA-
plus field emission SEM (FE-SEM). The prior austenite
grain sizes (PAGS) were measured from the micrographs
of the centerline and two-phase region by mean linear
intercept (LM). Hardness profiles (HV 5 kg) in the
thickness direction of the plates were obtained using a
Struers DuraScan 80, whereas the hardness depth profiles
(HV 0.2 kg) from the flame cut edge were carried out
using a digital microhardness tester Matsuzawa
MMT-X7. The location of the hardness depth profiles
in relation to the cut edge is presented in Figure 1. Tensile
tests in the thickness direction for each plate were
performed with an MTS 250 kN, according to the
EN-ISO 6892-1 standard.[17] The samples were round
bars with an original diameter (D0) of 6, 10, and 10 mm
and parallel length (Lc) of 11, 22, and 42 mm for the 20-,
40-, and 60-mm-thick plates, respectively. Charpy
V-notch impact tests were performed according to the
EN-ISO 148-1 standard[18] with specimens sectioned into
square bars with dimensions of 10 mm 9 10 mm 9
55 mm. The studied samples were in the longitudinal and
transverse directions in relation to the rolling direction
with test temperatures of � 40 �C, � 20 �C, � 10 �C,
0 �C, and 20 �C. In addition, samples from 40- and
60-mm plates were made from both the 0.5 and 0.25
thicknesses (longitudinal and transverse directions). The
60-mm plates were also tested with samples made in the
thickness direction at temperatures of � 10 �C, 0 �C,
22 �C, and 60 �C. The impact test results presented in this
study are an average of six repetitions. The test location
and directions of this study are presented in Figure 1.

III. RESULTS

The mechanical properties of the steels under study
were determined by means of hardness measurements
and tensile tests. The results presented in Table III show
that the average hardness (hardness profiles in the

Table I. Flame Cutting Parameters of the Studied Samples

Flame Cutting Parameters

Thickness (mm) Cutting Speed (mm/min) Preheating (�C)

20 150 —
20 300 —
20 500 —
20 700 —
40 150 —
40 300 —
40 500 —
40 500 200
60 150 —
60 300 —
60 500 —
60 500 200
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thickness direction) of the plate decreases as the
thickness increases. Similar observations can be made
in the case of the tensile strength (Rm). The percentage
reduction of the area fracture (Z pct) is the lowest in the
20-mm plate and the highest in the 60-mm plate.
Furthermore, as is evident from the Z values, all the
studied steels exhibit ductile behavior in the as-received
state. In addition, Table III shows that the prior
austenite grain size (PAGS) is the smallest with the
20-mm plate and increases with larger plate thicknesses.

SEM micrographs from the centerline of the steel
plate samples are presented in Figure 2. The centerline
structure of the 20-mm plate sample consists of lath
martensite (Figure 2(a)). The structure of the 40-mm
plate sample in the centerline consists of a mixture of
bainite and lath martensite (Figure 2(b)). The centerline
microstructure of 60-mm plates consists mainly of
bainite (Figure 2(c)). However, there may also be a

small amount of lath martensite in the centerline
microstructure of the 60-mm plate.
The hardness values presented in Table III are an

average of the hardness profiles measured in the
thickness direction of the studied plates. Figure 3
presents the hardness profiles (ten profiles from each
sample) along the thickness direction of the 20-, 40-, and
60-mm plates. Hardness profiles from the 20-mm plate
indicate a few hardness peaks in the middle section of
the plate. In the 40-mm plate, there is more fluctuation
in the hardness values in the middle section compared to
in the 20-mm plate hardness profiles. There are not only
hardness peaks but also softer regions in the thickness
range of 15 to 25 mm. The hardness profiles of the
60-mm plate show a steady decrease in hardness with
increasing distance from either the top or the bottom
surface of the plate toward the center of the plate. The
center region (~ 25 to 35 mm) consists of low hardness
regions with high hardness peaks. In general, the profiles

Table II. Nominal Composition of the Studied Steel Plates and Carbon Equivalent (CE)[15] for Studied Material

C (pct) Si (pct) Mn (pct) Cr (pct) Mo (pct) Ni (pct) Cu (pct) V (pct) B (pct)

0.15 0.6 1.1 0.6 0.4 0.2 0.02 0.06 0.0016

CE ¼ WC þ WSi

30 þ WMnþWCuþWCr

20 þ WNi

60 þ WMo

15 þ Wv

10 þ 5WB wt pct ¼ 0:3 (1)

Table III. Initial Mechanical Properties of Studied Steels

Thickness Hardness (HV 5 kg) Rm (MPa) Z (pct) PAGS LM (lm)

20 mm 448 1347 46 16
40 mm 399 1217 51 44
60 mm 378 1063 56 54

The average hardness values (HV 5 kg), tensile strength (Rm), and percentage reduction of the area at fracture (Z pct) in tensile tests (thickness
direction). Prior austenite grain size (PAGS) is expressed as the mean linear intercept (Lm) calculated from the centerline micrographs of the studied
steels.

Fig. 1—Test and measurement locations and directions used in this study.
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in Figure 3 show that the fluctuations in hardness values
increase as the plate thickness increases.

Charpy V-notch impact tests were carried out to
determine the impact toughness properties of the studied
steel plates. As indicated in Figure 4, for all the tested
steel plates, the results are similar between the longitu-
dinal and transverse directions in relation to the rolling
direction. However, the impact toughness values (lon-
gitudinal and transverse in 0.5 thickness) are higher in
the 40-mm plates compared to in the 20-mm plates. A
comparison of the 40- and 60-mm plates shows that the
40-mm plates have higher impact toughness values in 0.5
thickness, whereas in 0.25 thickness, the situation is
reserved. In other words, in the tested cases, for the
40-mm plate, the highest impact toughness is measured
at 0.5 thickness and for the 60-mm plate at 0.25
thickness. In addition, impact toughness tests were
performed in the thickness direction for the 60-mm
plates, and the results were much lower compared to the
transverse and longitudinal directions (Figure 4).

The impact tests in the thickness direction were
performed in two different notch locations (average of
three repeats per notch location): in the segregation and
next to segregation regions as shown in Figure 1 (the
location of segregation was determined from the etched
specimens). Figure 5 shows that the impact test location
has an effect on the impact energy values. Samples that
had a notch in the segregation region have somewhat
lower impact toughness properties compared to samples
that had a notch next to the segregation. Figure 6 shows
SEM micrographs of the fracture surfaces at the
segregation (a) and next to the segregation (b) at test
temperatures of � 10 �C, 0 �C, 22 �C, and 60 �C. The
fracture surfaces from both test locations have brittle

fracture characteristics (examples are shown in Figure 6
with black arrows) such as cleavage planes and river
patterns. In addition, in Figure 6(a), the fracture surface
at the test temperature of � 10 �C contains an inter-
granular fracture region. With increasing test tempera-
ture, fracture surfaces contain an increasing amount of
ductile fracture characteristics such as dimples (exam-
ples are shown in Figure 6 with white arrows). In
addition, fracture surfaces at the segregation
(Figure 6(a)) show more brittle fracture characteristics
compared to fracture surfaces next to the segregation
(Figure 6(b)).
Figure 7 presents the results of the residual stress

measurements. It can be seen (Figures 7(a), (c), and (f))
that the 20-mm plates have the largest compressive
stress region close to the cut edge (< 1 mm) and that the
compressive stress values decrease as the plate thickness
increases. In addition, the 20-mm plate has the lowest
residual tensile stress values compared to the 40- and
60-mm plates at a cutting speed of 150 mm/minute.
However, as the cutting speed increases to 300 and
500 mm/minute, the tensile stress peak values are almost
identical, with only small variations between the studied
plate thicknesses. The 20-mm plate has the highest
tensile stress peak at a cutting speed of 300 mm/minute.
Figures 7(b), (d), and (f) compare the residual stresses
produced by different cutting parameters in the case of
each plate thickness. It can be seen that 150 mm/minute
produces the most compressive stresses at the cut edge
and the lowest tensile stress region in the 20-mm plates.
However, with regard to higher cutting speeds, a very
high speed of 700 mm/minute causes the lowest tensile
stress region. In addition, the tensile stress peak at
700 mm/minute is not as wide as the peaks at the 300-

Fig. 2—SEM micrographs of steel plate samples (a) 20 mm, (b) 40 mm, and (c) 60 mm.
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and 500-mm/minute cutting speeds. The low 150-mm/
minute cutting speed produces the highest residual
compressive stress in the 40-mm plates as well. However,
the tensile stress values are similar at all cutting speeds.
In the 40-mm sample, preheating produces more com-
pressive stress in the surface region but does not affect
the tensile stress peak. In the 60-mm plates, the 150-mm/
min cutting speed also produces the most compressive
stress in the surface. As in the case of the 40-mm
samples, the tensile stress peak values are similar
between the cutting speeds of 150, 300, and 500 mm/
minute. However, in the 60-mm sample, preheating
increases the compressive stress near the surface and
lowers the tensile stress deeper in the plate.

Figure 8 presents the hardness profiles measured from
the flame cut edges of the studied steel plates. Each
flame cut sample produced a high hardness region near
the cut edge, after which the hardness levels start to
decrease around 0.7 to 0.9 mm from the cut edge. The
lowest hardness values are located after the hardness
drop, and subsequently, the hardness gradually

increases toward the hardness of the original structure.
However, after the lowest hardness values, the increase
in hardness is less in the 40-mm plates than in the 20-mm
plates and the hardness levels are almost constant in the
60-mm plates after the hardness drop. Figure 8 shows
that a slow cutting speed produces a slightly wider high
hardness region near the cut edge. As the cutting speed
increases, the width of the high hardness region
decreases. However, the differences are not significant
between different cutting speeds.
Flame cutting creates an HAZ in the cut edge of thick

wear-resistant steel plates with three distinct microstruc-
tural regions: a martensite region, two-phase region, and
tempered original structure.[9] In addition, preheated
samples had similar microstructural regions as samples
that were flame cut without preheating. The region
closest to the cut edge is fully austenized during flame
cutting and forms martensite during rapid cooling. This
region was similar for all the studied plate thicknesses.
Figure 9 shows the martensite regions formed in the cut
edge of the 20-, 40-, and 60-mm-thick plates using a

Fig. 3—Hardness profiles (HV 5 kg) in the thickness direction in the studied plate thicknesses: 20, 40, and 60 mm (note the different thickness
scale in each hardness profile).
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cutting speed of 300 mm/minute. The image locations
were from the centerline of the sample and from a depth
of 0.4 mm from the cut surface.
After the newly formed martensite, there is a

two-phase region consisting of martensite and a tem-
pered original structure. The austenization occurs
heterogeneously in the grain boundaries of the prior
austenite, and during cooling, the austenized regions
form a fine martensite lath structure in the two-phase
region. The rest of the structure, between the austenized
regions, is tempered during the cutting process.
Figure 10 shows the two-phase regions from the center-
line of the studied 20-, 40-, and 60-mm plates produced
by a cutting speed of 300 mm/minute.
After the two-phase region, the rest of the HAZ

consists of the original structure, which is tempered
during the cutting process. The tempering effect is
gradually reduced while going deeper into the

Fig. 4—Charpy V-notch impact test results in longitudinal and transverse directions in relation to the rolling direction. In addition, the 60-mm
plate was also tested in the thickness direction (note different temperature scale in 60-mm results).

Fig. 5—Charpy V-notch impact tests in the thickness direction with
specific notch locations (segregation and next to the segregation) of
the 60-mm plate samples.

METALLURGICAL AND MATERIALS TRANSACTIONS A



Fig. 6—Fracture surfaces of Charpy V-notch impact tests in the thickness direction of the 60-mm sample: notch location (a) at the segregation
and (b) next to the segregation. Examples of brittle fracture and ductile fracture characteristics are marked in the images with black and white
arrows, respectively.
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subsurface. Figure 11 shows the centerline micro-
graphs of the studied 20-, 40-, and 60-mm plates from
the tempered region (1.6 mm from the cut surface),
which is formed using a 300-mm/minute cutting
speed.

The samples were inspected by ultrasound after flame
cutting. As presented in Figure 12, no cracks were
detected in the 20-mm plates after flame cutting.

However, the inspection revealed three (1 crack/
1600 mm) and four cracks (1 crack/975 mm) in the 40-
and 60-mm plates, respectively. It should also be noted
that no cracks were detected in the preheated samples.
The cracks that were found were located immediately
below the cut surface in the center region (i.e., near the
midplane) of the plates. The crack normal was parallel
to the thickness direction of the plate.

Fig. 7—Residual stress profiles in the thickness direction (90�). The effect of thickness in residual stress profiles at cutting speeds of (a) 150, (c)
300, and (e) 500 mm/min. The effect of cutting parameters in residual stress profiles with certain steel thicknesses: (b) 20, (d) 40, and (f) 60 mm.
(For interpretation of the color references in these figures, the reader is referred to the web version of this article).
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IV. DISCUSSION

Wear-resistant steel plates with thicknesses of 20, 40,
and 60 mm were flame cut and characterized. The
hardness and tensile strength properties were found to
reduce as the thickness of the plates increases. The prior
austenite grain size also increases with increasing plate
thickness. The centerline microstructure of the 20-mm
plates consists of lath martensite. However, the
microstructure of the 40-mm plates consists of both
bainite and martensite, and the 60-mm plates consist
mainly of bainite (with a small amount of lath marten-
site). The microstructures of the studied plates derive
from the cooling conditions during the fabrication
process. The cooling of thick plates is not necessarily
as uniform and fast as that of thinner plates due to the
increased thickness. This results in a partially bainitic
structure or mainly bainitic structure in the centerline of
the thicker plates and the morphology of microstruc-
tures are different, depending on the distance from the
upper surface of the plate. The effect of different
microstructures can also be seen in the hardness profiles
measured in the thickness direction. The profiles showed
that the hardness levels were generally higher and

smoother in the thinnest plate and that the thicker
plates contained more fluctuation near the centerline of
the plates. The fluctuations seen in the hardness profiles
are most likely due to the segregation that occurred
during the manufacturing of the plates.[1] The hardness
results show that center segregation is the most severe in
the 60-mm plates and reduces with decreasing plate
thickness. The amount of segregations increases with
increasing plate thickness.
The impact toughness values are smaller in the 20-mm

plates than in the 40-mm or 60-mm plates (0.5 thick-
ness). The explanation for this is the original microstruc-
ture on the centerline, which is lath martensite in the
20-mm plates, a mixture of bainite and lath martensite
in the 40-mm plates, and mainly bainite in the 60-mm
plates. It has been shown[19] that martensite has inferior
impact toughness properties than bainite and that the
increasing volume fraction of bainite in the
bainite-martensite structure increases the impact tough-
ness. Generally, a small prior austenite grain size is
known to induce the refinement of martensitic packets
and blocks and therefore simultaneously to enhance the
impact toughness.[20] However, the formation of bainite

Fig. 8—Hardness depth profiles of studied plate thicknesses: (a) 20-mm, (b) 40-mm, and (c) 60-mm cut with different flame cutting parameters.
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has also been shown[21] to refine the subsequent marten-
sitic packets and blocks. In the present study, the
martensite structure in the 20-mm plate results in lower
impact toughness than the bainite-martensite structure
of the 40-mm plates and the mainly bainitic structure of
the 60-mm plates. In this case, the microstructure affects

the impact toughness more than the prior austenite
grain size (20-mm plates had smaller prior austenite
grain size than the 40- or 60-mm plates). However, it
seems that the bainite structure of the 60-mm plate has
lower impact toughness in 0.5 thickness (in both the
transverse and rolling directions) than does the

Fig. 9—Newly formed martensite regions of the 20-, 40-, and 60-mm plates produced by a 300-mm/min flame cutting speed. The images were
from the centerline of the samples at a depth of 0.4 mm.

Fig. 10—Two-phase regions from the centerline of 20-, 40-, and 60-mm plates produced by a 300-mm/min flame cutting speed.
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bainite-martensite structure of the 40-mm plates. In
addition, the impact toughness of the 40- and 60-mm
plates varies depending on the distance from the upper
surface. The 40-mm plates have higher impact toughness
(rolling and transverse directions) in 0.5 thickness
compared to 0.25 thickness. This might be due to the
different cooling conditions at different depths of the
plate during quenching. The 0.5 thickness of the plate
cools more slowly compared to the 0.25 thickness, and
consequently, the microstructures are different depend-
ing on the depth. As a result of the faster cooling, the
microstructure of 0.25 thickness can be almost fully
martensite while the slower cooling in the centerline
produces a mixture of bainite and martensite. In
contrast, the 60-mm plates have better impact toughness
in 0.25 thickness than in the centerline. Similarly to the
40-mm plates, the cooling conditions are different in
0.25 thickness and 0.5 thickness. However, with the
60-mm plate, the cooling in 0.25 thickness is slower than
in 0.25 thickness of the 40-mm plates, and therefore, the
resulting microstructure is a mixture of bainite and
martensite. As the cooling of the 0.5 thickness is even
slower, the produced microstructure in the centerline is
mainly bainite. The large prior austenite grain size and
segregations in the center region produce low impact
toughness in the rolling and transverse directions at 0.5
thickness. Test results also show that impact toughness
values are significantly lower in the thickness direction
than in the transverse and rolling directions. A similar
result was obtained by Wang et al.[3] This can explained
by the location of segregations relative to the test
specimens as it is shown schematically in Figure 13.
Segregations have a smaller effect in the rolling direction
and the transverse direction in the middle section as

Fig. 11—Tempered regions (1.6 mm from the cut surface) of the 20-, 40-, and 60-mm plates formed at 300-mm/min cutting speed.

Fig. 12—Ultrasonic inspected flame cut samples of different plate
thicknesses.

Fig. 13—Location of segregations relative to Charpy V-notch impact
test specimens.
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their portion in the sample cross section is smaller.
However, the effect increases in the through-thickness
samples where the segregations cover more area in the
test direction.

In addition, the impact toughness is lower in samples
that had a notch in the segregation region than in
samples that had a notch next to the segregation. Both
impact toughness results and fracture surfaces indicate
that the areas of segregation exhibit more brittle fracture
behavior than do those next to the segregation. The
reason for this might be the enrichment of the alloying
elements, such as carbon, which locally increases the
hardenability and makes the segregations more brittle
compared to the regions next to them.

The residual stress measurements of flame cut surfaces
show that the residual compressive stress decreases in
the surface region (< 1 mm) as the plate thickness
increases. As a previous study[13] has shown, a region of
compressive stress is formed due to martensite transfor-
mation and the accompanying volume expansion occur-
ring close to the cut edge. In addition, it has been
shown[13] that rapid and significant changes of temper-
ature should be avoided during flame cutting as they
create high thermal stresses in the cut edge of the plate
before martensite transformation. One reason why
thinner plates produce more compressive stress close
to the cut surface than thick plates might be that the
heating flame heats the cutting edge of the thin plates
more than that of thicker ones. This heating acts
similarly to preheating and lowers the temperature
differences between the surface and interior. In contrast,
the heating flame warms only the upper edge in thicker
plates and does not create a similar preheating effect in
the cut edge. However, this preheating effect from the
heating flame in 20-mm plates should not be confused
with the actual preheating treatment carried out on the
thicker plates (40 and 60 mm). In addition, the heat
transfer by conduction is higher in the thicker plates,
which also increases the temperature difference between
the surface and interior. As a result, the temperature
difference is lower between the surface and interior
during heating and cooling with thin plates, which leads
to a lower thermal stress state before martensite
transformation and eventually a lower final stress state
after martensite transformation. In addition, a thin plate
produced the lowest residual tensile stress values com-
pared to thicker plates at a cutting speed of 150 mm/
minute. However, as the cutting speed increases to 300
and 500 mm/minute, the tensile stress peak values are
almost identical, with only small variations between the
studied thicknesses. Residual stress measurements of
300- and 500-mm/minute cutting speeds indicate that
plate thickness does not influence the tensile stress
region as much at high cutting speeds compared to a
lower cutting speed. A possible explanation for this is
that as the cutting speed increases, large local variations
in material temperature appear regardless of the plate
thickness; i.e., even the thinnest plate is too thick for the
temperature to equilibrate during high-speed cutting.
However, in the case of higher cutting speeds, a very
high speed of 700 mm/minute caused the lowest tensile
stress region in the 20-mm plate. In addition, the tensile

stress peak at 700 mm/minute is not as wide as at 300
and 500 mm/minute. This might be due to the fact that
the tempering effect (and the negative volume change
during tempering) in the HAZ decreases as the cutting
speed increases. From the residual stress point of view,
these results indicate that a fast cutting speed is not
necessarily the worst option for thinner plates. The
results also indicate that low cutting speed and preheat-
ing have positive effects on the residual stress formation,
as they increase the compressive stress in the surface and
lower the tensile stress values. In addition, it can be seen
that a lower cutting speed shifts the tensile stress region
deeper into the subsurface. Preheating decreases the
effect of the thermal shock that creates the thermal
stresses by reducing the temperature differences inside
the sample.[13]

As the earlier study[9] by the current author showed,
the HAZ consists of three regions: the newly formed
martensite region, the two-phase region, and the tem-
pered region. It was also shown that hardness profiles
from the cut edge follow the microstructural regions of
the cut edge. The extent of the microstructural regions
depends more on the cutting parameters used than on
the different plate thicknesses. A low cutting speed
produces wider regions than a fast cutting speed, and
different plate thicknesses cut with the same speed have
almost similar width microstructural regions. All the
studied plate thicknesses produced a high hardness
martensite region close to the cut edge. In the two-phase
region, the hardness is reduced as the newly formed
martensite becomes mixed up with the tempered original
structure. The two-phase regions of different plate
thicknesses show that thinner plates contain more newly
formed martensite and the amount of martensite
decreases as the plate thickness increases. In addition,
two-phase regions highlight the existing prior austenite
grain boundaries as the austenization and martensitic
transformations occur heterogeneously in prior austen-
ite grain boundaries. The shape of the prior austenite
grains is mostly equiaxed in all the studied plate
thicknesses. However, the two-phase region also shows
that the size of the prior austenite grains increases as the
thickness of the plate increases. The lowest hardness
occurs just after the two-phase region, and generally, the
hardness values gradually increase toward the base
material. However, in the 40-mm plate, the hardness
levels do not increase in the tempered region as much as
in the 20-mm plate, and the hardness values of the
60-mm plates are almost constant after the two-phase
region. The tempering effect is different between the steel
thicknesses studied due to the different original
microstructures of the studied plates. In the previous
study,[9] it was shown that tempering of martensite
during flame cutting produced a fine structure of
dispersed cementite (Fe3C) particles and that the tem-
pering effect gradually decreased with increasing dis-
tance from the cut edge. However, it has been shown[22]

that there are significant differences in the tempering
behavior of bainite and martensite. Unlike martensite,
bainite contains only a small amount of carbon in
solution as most of the carbon in the bainite structure is
in cementite particles, which tend to be coarser than
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cementite in a tempered martensite structure.[23] For this
reason, a bainite structure exposed to elevated temper-
atures is less affected than martensite. Major changes in
mechanical properties only occur when the bainite plate
microstructure coarsens or recrystallizes into a structure
of equiaxed grains of ferrite.[23] Within the small amount
of time available at elevated temperatures during the
cutting process, sufficient coarsening of the cementite
does not occur and therefore the mechanical properties
of bainite do not change as much as in martensite.[22] As
the results show, the tempered region of the 20-mm
plates consists of a fine structure of dispersed cementite
because the original structure contained purely lath
martensite. Also, the tempered regions of the 40-mm
plates consist of finely dispersed cementite particles.
However, the number of particles is somewhat less than
in the 20-mm plates and a small amount of coarsening of
the cementite might also occur during tempering. The
reason for this is that the original structure of the 40-mm
plate consists of a mixture of bainite and lath marten-
site. The fine cementite particles mostly originate from
the martensite regions while the slight coarsening of the
cementite occurs in the bainite regions. In the tempered
regions of the 60-mm plates, there are no similar
dispersed cementite particles in the microstructure as
in the tempered regions of the 20- or 40-mm plates. This
is because the centerline microstructure of the 60-mm
plates consists mainly of bainite. The tempering may
cause some slight coarsening of the existing cementite,
which is difficult to distinguish. In addition, the hardness
depth profiles of the 60-mm plates show that the
elevated temperatures during flame cutting do not affect
the bainite structure as much as the martensitic struc-
ture. The hardness values are almost constant after the
newly formed martensite region and the two-phase
region. This indicates that there is not in fact a lower
hardness region after the two-phase region because the
tempering time is too short for bainite to influence the
hardness levels. If the original structure is a mixture of
bainite and martensite, as in the 40-mm plates, temper-
ing has an effect on the martensite regions but hardly
any on the bainite regions. This can seen as decreased
hardness values after the two-phase region and a slow
increase in hardness values when going deeper into the
subsurface.

Ultrasound inspection of the flame cut samples
revealed no cracks in the 20-mm plates. However, the
cracking tendency is higher in thicker plates (40-mm
plate: 1 crack/1600 mm and 60-mm plate: 1/975 mm).
The inspection results indicate that thin plates withstand
the residual stress state that is formed in flame cutting.
In addition, most of the 40- and 60-mm plates were
found to be intact after flame cutting. However, since
some cracks were detected in the 40- and 60-mm plates,
it can be stated that on some occasions the residual
stress levels are high enough for crack formation. In
addition, the impact toughness results are significantly
lower in the thickness direction compared to other
directions. It was also observed that the 40- and 60-mm
plates contained more segregations in the center region

than did the 20-mm plates. Thus, it seems that the cracks
are commonly located in the segregations, which tend to
be harder and more brittle than the base material. These
results indicate that the susceptibility to cracking
increases as the strong manufacturing-induced segrega-
tion occurring in the center region of thick plates is
combined with the high residual tensile stress produced
by high-speed flame cutting. However, all the tested steel
plates exhibited ductile behavior macroscopically and
most of the plates were found to be intact even in the
presence of relatively large local residual tensile stresses.
This highlights the stochastical nature of the cracking in
flame cut steel plates. To lower the susceptibility to
cracking, the residual tensile stresses should be lowered
by utilizing the most optimal flame cutting parameters:
low cutting speed and preheating. In addition, the
formation of segregations should be avoided by improv-
ing manufacturing practices of thick plates.

V. CONCLUSION

Wear-resistant steel plates in three different thick-
nesses were investigated to study the effect of plate
thickness on residual stress formation and cracking in
flame cutting. The main conclusions of this study are
summarized as follows:

1. Hardness and tensile strength properties reduce as
the plate thickness increases. The centerline
microstructure of thin plates is fully martensite,
and the fraction of bainite increases with increasing
thickness. The reason for this is that the centerline
of thicker plates undergoes slower cooling during
manufacturing. In addition, the hardness profiles in
the thickness direction have more fluctuations in the
center regions due to segregation as the plate
thickness increases.

2. Thin plates have low impact toughness due to their
fully martensitic microstructure. The impact tough-
ness of thicker plates varies depending on the
distance from the upper surface. Microstructures
consisting of a mixture of bainite and martensite
have the best impact toughness properties. Impact
toughness in the thickness direction is significantly
lower compared to the rolling and transverse
directions. In addition, impact toughness is lower
in segregation regions than in areas next to the
segregation.

3. Flame cutting produces a hard martensite region
close to the cut edge at all cutting speeds and all
thicknesses. Hardness values decrease in the two-
phase region as the newly formed martensite mixes
with the tempered original structure. The two-phase
regions contain more newly formed martensite as
the cutting speed and plate thickness reduce. The
tempered regions of thin plates consisting of
martensite produce a fine structure of dispersed
cementite particles. However, the fine cementite
particle structure diminishes in the tempered region
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as the bainite fraction increases with increasing
thickness of the plates. The bainite is practically
unchanged as the material is exposed to high
elevated temperatures for only a short amount of
time during flame cutting. Consequently, the hard-
ness levels of thicker plates after the two-phase
region are almost constant or slightly increased.

4. Residual stress measurements near the flame cut
surfaces show that the residual compressive stress
decreases in the surface region (< 1 mm) as the
plate thickness increases. A lower cutting speed
causes a lower tensile stress region in the thin plates.
However, the residual tensile stress values are
almost the same at a higher cutting speed and for
all thicknesses. In addition, a slow cutting speed and
cutting with preheating have an advantageous effect
on the residual stresses by increasing the compres-
sive stress close to the surface and lowering the
tensile stress deeper in the material.

5. Thicker plates tend to be more exposed to cracking.
The susceptibility to cracking increases as the high
residual stresses caused by flame cutting are com-
bined with the manufacturing-induced, strong cen-
ter segregation that occurs in thick plates. However,
most plates were found to be intact even in the
presence of relatively large local residual tensile
stresses, and this highlights the stochastical nature
of the cracking in flame cut steel plates.
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