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1. INTRODUCTION 

1.1 History 

In the current manufacturing process of machine and steel structures in the 21st century, 

some of the processes using gas flames have been pushed into the background, but there are 

still some flame applications that are indispensable in manufacturing today. These processes 

include flame cutting, pre- and post-heating and flame straightening. 

All these processes can cause significant changes in material structure due to the low-

concentration heat source with low heat flux densities, but sometimes relatively high 

temperatures of up to 3000 °C, which can endanger the safe use of steels. This may be 

especially true for high-strength steels, which are already in use today and are likely to 

become increasingly so in the future, and for which there is relatively little experience and 

little concrete measurement data. 

In welding technology, there is now a wealth of literature on the weldability of high-

strength steels. Thus, it is generally well known among specialists in the art that high-

strength steels are extremely sensitive to welding heat input, primarily in terms of toughness 

reduction, and that heat may cause not only an increase in hardness but even local softening. 

However, little measurement and empirical data are available on the effects of less 

concentrated flame straightening at lower temperatures compared to welding. There are few 

scientific publications that deal with this subject in depth. 

The problem is well known in practice, for example, one of the latest international basic 

standards for steel structure production, MSZ EN 1090-2, deals separately with the 

parameters of thermal technologies related to production (mainly flame cutting, flame 

straightening) and the effect of processes on material structure [1]. In the case of standard 

high-strength steels, after the application of flame technologies, e.g. the permissible hardness 

is determined at 450 HV10, which is called technology test, or must also be proved. There 

are already developed procedures for this in the practice of steel structure production, but 

these technologies and measurements are primarily based on CR ISO 15608, 1.1. 1.2 apply 

to steel groups [2]. The already mentioned MSZ EN 1090-2 standard, like the approved 

manufacturer's Welding Procedure Specification (WPS), also recommends a technological 

instruction for flame and other thermal technologies (for flame cutting eg. CPS - Cutting 

Procedure Specification). When making welding technology, the so-called minimum and 

maximum heat input, which does not critically affect the structure and mechanical properties 
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of steels, is typically determined by the so-called cooling concept (t8.5/5, possibly t8/5) is used, 

for which international standard regulations have been developed (MSZ EN 1011-2 

standard) [3]. The question arises whether this method can be used for heating with flame, 

and how we can determine the typical cooling rate and cooling time of a structure heated in 

this way. 

When designing welded constructions and choosing cutting and welding technologies, 

we strive to cause the structure to suffer as little permanent deformation as possible, but a 

certain degree of geometric and dimensional change is inevitable even with the most 

sophisticated technology. In order to maintain the required shape and dimensional accuracy, 

it is often necessary to straighten our structures mechanically or with a thermal heat source 

(typically a flame). As mechanical straightening is impractical for larger, more complex 

structures, in addition to the previously mentioned flame cutting for heat-sensitive materials, 

the correct observance and documentation of hot flame straightening steps is becoming more 

and more important.  

Flame straightening is an important part of the production life cycle of a structure, the 

coordination of which requires knowledge of the physical phenomena associated with the 

technology, experience in the process and changes in the expected material structure and 

mechanical properties of the steels processed. 

The combustible gases used in these flame processes are typically gaseous hydrocarbons, 

as burning gas, which in practice can be divided into two large groups - acetylene and slow 

burning gases which burn more slowly than acetylene. The latter group includes methane (or 

methane-rich natural gas), which is often used in production and propane (or the propane / 

butane (PB) mixture in domestic practice), but also includes butane, ethylene and propylene 

and also special burning gases produced from a mixture of several hydrocarbons [4]. A 

common feature of slow-burning gases and gas mixtures is that they result in flame 

temperature of about 10-15% lower than acetylene, and their burning rate and heat flux 

density are significantly lower compared to fast-burning acetylene. As a result, the time 

required to reach a given temperature during the heating of the structures is typically longer 

than for acetylene, so the spatial extent and properties of the formed heat zone, and thus the 

effect on the material are expected to be different. Among professionals the question often 

arises as to what burning gas (according to what system/size torch) should be used in each 

process, which can have both technical and economic aspects. 

 

1.2 Objectives 

It can also be seen from the brief overview above, there are still a number of issues that 

arise when flame technologies are applied to low-strength structural steels, but especially to 

high-strength steels. In this research work, I have focused on the study of the effects of ideal 
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and different parameters of flame straightening on normalized and high-strength structural 

steels. For my studies, I have selected three strength type categories, namely normalized and 

quenched high-strength steels used to make welded structures with nominal yield strengths 

of 355 MPa, 690 MPa, and 960 MPa. 

The experiments for the research work were based on two pillars:  

- I was the first to measure and record the thermal cycles of the thermal effects of the 

most common flame straightening technologies under different boundary conditions. 

Based on the thermal cycles characteristic of the procedure, I performed the tests 

with a Gleeble 3500 type physical simulator available at the Institute of Materials 

Science and Technology of the University of Miskolc. With the help of this 

equipment, the effect of flame straightening can be simulated with the help of the 

measured thermal cycles, and the formed fabric structure can be produced in a 

sufficiently large volume for subsequent material tests. Compared to traditional 

methods, physical simulation allows for an informed technology design based on the 

properties of the thermal impact zone.  

- As a further goal of my experiments was to investigate the changes in properties 

caused by the real heat effect (the effect of heating under real conditions) on the 

selected base materials at different plate thicknesses, under different boundary 

conditions (different devices, industrial gases required for their operation). The 

obtained values/characteristics were compared with the results of simulation tests. I 

have also analysed the acceptability and applicability of the performed simulation 

tests in case of possible changes in the boundary conditions (eg other plate thickness) 

for real heating conditions. 

Based on the above, the main objectives of my research work can be summarized as 

follows: 

1. In the analysis of heat cycles of flame straightening, to determine whether the 

generally accepted cooling time concept for determining the heat input of welding 

technologies can be fully applied during the heat effect caused by straightening.  

2. Development and implementation of a series of physical simulation experiments 

using the Gleeble 3500 thermo-mechanical physical simulator to analyse the thermal 

effect of flame straightening and to study its consequences. Establishment of thermal 

standards for normalized and quenched high-strength steels for a given thermal cycle 

for comparative studies. Extension of simulation results to real heats under different 

boundary conditions. 

3. Investigation of the effect of straightening with oxygen-acetylene (oxygen-propane) 

flame - especially with regard to the maximum temperature formed during 

straightening and the conditions of cooling conditions - on the material structure and 
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related mechanical properties (hardness, toughness) of normalized and quenched 

high-strength steels. 

4. Possibilities of applicability and substitutability of acetylene / slow-burning gases 

(mainly propane), exploration of the engineering conditions of substitutability, 

taking into account the conditions of flame straightening application on high-strength 

steels.  

5. Exploration of the extent of changes caused by repeated thermal effects on the same 

locations of the tested steels as a function of the number of heat repetitions. Quantify 

the extent of allowable changes (possible damage) based on material tests.  
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2 METHODOLOGY 

In the theoretical research work I have  provided a comprehensive literature review on 

the principles and methods of flame straightening, highlighting the types of torches that can 

be used for straightening, the industrial gases required for their operation, their 

characteristics and properties [5]. I have summarized the characteristics, production 

technologies and possible groupings of high-strength steels used to produce welded 

structures [6]. I have presented the results of several international and national studies, 

providing an overview of the effects of flame straightening on material and mechanical 

properties for different types of steels [7], [8], [9] [10]. Based on my literature search, I found 

that even in connection with the straightening of normalized steels, there is no extensive 

study that would analyse the combined effect of the applied combustible gases, cooling 

methods, and the temperature of the straightening. This is especially true for hardened high-

strength steels produced by different manufacturers, for which we have relatively little 

theoretical and practical experience in this field. I could not find any literature that would 

have used physical simulation to analyse the technology and examine its effects. 

Similar to the study of the effect of arc welding technologies, I developed a physical 

simulation method to model the heat process associated with flame straightening. My 

method was based on the physical simulation of the thermal effect zone of arc welding 

technologies [11], [12] [13]. The physical simulators can be used to test a variety of 

technologies that produce different thermal effects on specimens manufactured from the test 

material in a well-reproducible way. In many cases, this method is significantly more cost-

effective and accurate than testing specimens from the original technology [14]. 

In order to make the simulation feasible, I determined the thermal cycles at which the 

simulation process could be performed on the basis of the analysis and measurement of the 

practical point and line heating of 30×300×300 mm plates under different boundary 

conditions (Figure 1). The recorded thermal cycles were for acetylene-oxygen, propane-

oxygen heating, followed by air and water cooling. The maximum temperatures of the 

thermal cycles are below A1 (subcritical), A1-A3 (intercritical) and I chose values above 

(supercritical) A3. Based on the results of thermal cycle measurements, we can expect slow 

cooling rates, i.e. long cooling times, in air cooling, which are significantly longer than the 

5-30 s interval recommended for the development of a cold-crack-free work schedule for 

welding technology. With properly implemented flame straightening technology, the 

maximum straightening temperature does not even reach 850 °C, so the cooling time cannot 
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be interpreted. Based on all this, I concluded that the cooling time concept is not directly 

applicable to flame straightening. 

 

 

Figure 1. Measured heat cycles for physical simulations 

The simulation tests were carried out on three different yield strengths of the steel 

mentioned in the objective, with the measured thermal cycles determined by measurement.  

After the simulated heat loads, material tests (optical microscopic examination, hardness 

test, instrumented impact test) were performed on the specimens. With the help of the 

instrumented impact test, not only the total energy spent on the fracture, i.e. the impact work 

(KV), can be determined, but also more detailed information about the fracture process can 

Heat cycles of simulation 
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(blue line: acetylene-oxygen heating, red line: propane-oxygen 

heating, solid line: air cooling, dashed line: intensive water 
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be obtained. Based on the load-time recorded during the test or the calculated deflection 

(path) load diagram, it is possible to identify the characteristic points of the fracture process 

(start of plastic deformation, maximum force, start of unstable crack propagation, end of 

unstable crack propagation). Total impact energy (KV) is the sum of energies spent on crack 

initiation and crack propagation. The analysis of the total energy value alone can be 

incorrect, since even with a large numerical value, the proportion of energy devoted to crack 

initiation may be large, but the fraction devoted to crack propagation may be small. In this 

case, despite the numerically high value of the impact energy, the behaviour of the material 

during operation can be considered critical [15]. 

Verification of the simulation results I performed real line heating experiments on the 

examined steels at the centre line of 300×300 mm size plates, where I examined not only the 

effect of the mentioned technological characteristics, but also the effect of the plate 

thickness. The most important parameters of the real tests are given in Table 1. I have also 

examined the effect of multiple heats (two and four times) in the same place using both 

simulation method and real heats. 

Table 1. Torches used for real heating, their speed of movement, and the estimated amount 

of specific heat input 

Plate 

thickness 

(mm)/steel 

type 

Acetylene-oxygen torch Propane-oxygen torch 

Type 

Speed of 

torch 

(cm/min)* 

Φh/v 

(J/mm)* 

(ηt=0.3-0.4) 

Type 

Speed of 

torch 

(cm/min)* 

Φh/v 

(J/mm)* 

(ηt=0.3-0.4) 

10/S960QL 

No.8. tip 

8 4 240-5 650 PNME 

(10-30) 

propane 

nozzle 

5 6 520-8 700 

15/S355J2+N 6.5 5 220-6 950 4 8 160-10 870 

30/S690QL LF-H-8 15.5 5 100-6 800 PM-5-H 11 6 780-9 040 

*A non-SI unit of measurement common in industrial practice 
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3 NEW SCIENTIFIC RESULTS - THESES 

T1. For standardized ISO/TR 15608 class 1.2 and quenched steels 3.1, 3.2, hardness 

measurement alone is not sufficient to check for possible negative effects of flame 

straightening. These steels are thermally unstable, so it is strongly recommended to 

check the toughness of the material (with Charpy V-notch impact test) to detect the 

effect of unfavourable microstructure caused by flame straightening using the wrong 

technology (superheated, water-cooled) (3). 

T2. For normalized steels according to ISO/TR 15608 class 1.2, even a single heating at 

subcritical temperatures (below A1) causes a significant reduction in toughness. In 

order to reduce the degree of brittleness for flame straightening 

• technology must be provided to minimize the volume heated simultaneously, 

• the use of slow-burning gases, which increase the duration of the straightening 

process compared to the acetylene-oxygen flame, should be avoided,  

• it is recommended to use a torch with a specific heat input corresponding to the 

plate thickness (1), (3). 

T3. Using real and simulated thermal equalization tests, I have found that in high-strength 

steels according to ISO / TR 15608, intentional or accidental heating in the intercritical 

A1-A3 results in significant damage to the original structure of the smoothed steel and 

martensite-austenite (M-A) islands causes a significant decrease in toughness due to 

the mixed structure formed. The results of the instrumented impact tests have shown 

that in such a case, due to the mixed fabric formed, the crack propagation energy is 

drastically reduced with nearly unchanged crack initiation energy (1), (3). 

T4. In thermal straightening technologies, immediate water cooling of heated material 

parts is not recommended due to local hardness increase and critical toughness loss. 

Water cooling is even more dangerous:  

• the higher the strength group, the more straightened the steel, 

• the higher the temperature at which the water reaches the straightened steel, 

• the smaller the mass (smaller wall thickness and extent) of the straightened 

structural part, 

• the larger the heated volume (3), (4), (5), (6), (9), (10). 

T5. The second thermal cycle carried out with the correct technology does not cause any 

further significant material structure changes in the structure of normalized steels of 
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class 1.2 according to ISO / TR 15608 and high-strength steels of classes 3.1 and 3.2 

compared to the first heating. Should additional heating be required to increase the 

deformation required for levelling, the heating of the tested steels can be repeated a 

second time in the same area (1), (2). 
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4 INDUSTRIAL UTILIZATION AND POSSIBILITIES FOR FURTHER 

DEVELOPMENT 

Based on my experience, nowadays the supervision of flame straightening in many 

manufacturing companies is not one of the tasks of responsible welding engineers and 

technologists. Flame straightening is considered to be a necessary bad consequence of 

production and in many cases, it is carried out by a workforce that is experienced in terms 

of permanent deformation caused by straightening but not skilled in material knowledge. In 

order to achieve the fastest possible result, the sight of steels overheated (yellow glowing) 

in a large area, rapid cooling with cold water is very common. Although the introduction of 

the MSZ EN 1090 series of standards has changed a lot, according to which technological 

requirements are also required for this type of process, there are many manufacturers who, 

without the application of the mentioned standard, working in a completely different field 

not covered by the standard. Provisions similar to that standard have not yet been introduced 

in other legally regulated areas (e.g. railway vehicles, pressure equipment). In general, it can 

also be stated that the knowledge of welding engineers and technologists, despite the widely 

available literature recommendations, on the weldability of high-strength steels is still quite 

incomplete. There are also a small number of available literature recommendations and 

experiences on flame straightening of this type of steel. Basically, there is not even sufficient 

information available on the effects of the heat input that necessarily occurs during 

straightening, even for normalized steels. Therefore, the main objective of my dissertation 

was to check and summarize knowledge that would provide useful information for industry 

professionals.  

The developed physical simulation method, the thermal cycles defined in the dissertation 

can also be applied to load steels that have been developed for special applications, have a 

special composition, their production technology is not standard, the manufacturer has no 

experience in the processability of a particular steel. With the help of the equipment of the 

University of Miskolc, simulation specimens exposed to heat can be produced relatively 

quickly, as well as material tests can be used to provide answers about the expected material 

structure effects of a potential flame effect (e.g. flame straightening, heat formation, but even 

shrinkage, etc.). 

Based on my research, recommendations can be made for professionals using flame 

straightening, as well as hot forming with flame in industrial practice, which, if followed 

will increase the lifetime and reliability of the structures. I have pointed out that, as in 
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welding, the supervision of the process must be a crucial aspect in the manufacturing 

processes, because very significant embrittlement can occur in superheated and even rapidly 

cooled zones with intercritical temperatures. I consider it important that the responsible 

welding engineer / technologist approves and supervises the implementation of the flame 

straightening technology, the main aspects of which should be the following: 

• for flame straightening, if possible, use acetylene-oxygen torches of a size 

appropriate to the wall thickness (not necessarily for speed and improved 

efficiency of the process, but in order to avoid wide heat zones overheated in too 

large an area), 

• heat the smallest possible area, avoiding simultaneous heating, especially 

overheating of large continuous volumes,  

• in no case heat the area to be heated above 700-750 °C, even for normalized 

steel, in any case remain below temperature A1, which is strongly recommended 

for high-strength steels, 

• in order to speed up the process, do not use intensive water cooling to complete 

the process, at most for chilled parts (below Mf), (intensive cooling can be 

especially dangerous due to excessive hardening and embrittlement in the case 

of large heated areas or thinner plates), 

• if the degree of shaping so requires, the cooled workpiece can be reheated in the 

same place after straightening, but do more than 2-3 heats should be carried out 

in the same place, 

• to achieve the desired residual deformation, make sure that only those parts of 

the material are heated which will promote the desired deformation (in this 

respect, the use of slow-burning gas devices is also not recommended). 

The presented results can provide important information not only for structural 

engineering professionals but also for material engineers involved in steel development. A 

detailed knowledge of the unfavourable microstructural changes in the structure of the 

studied hardened high-strength steels due to the exposed thermal cycles and the resulting 

change in mechanical properties, could provide a starting point for the development of  new 

types of steel that are less sensitive to changes in manufacturing technology or material. 

The test method can be extended to the effect of other flame technologies (e.g. flame 

cutting, but even other thermal cutting processes). This requires the measurement of typical 

thermal cycles during cutting, on the basis of which a similar process can be used to obtain 

an idea of the changes in the material structure along the cut edge. As a possible continuation 

of the research, I am convinced that with the proposed study, we could gain significantly 

more knowledge about the consequences of thermal cutting of high-strength steel.
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