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Abstract: The paper compares and analyses the effects of correctly and excessively executed heating 

cycles on flame straightening, far above the limits recommended by the steel manufacturer. The 

paperwork emphasizes the microstructural changes induced by overheating in the flame 

straightening process. Flame straightening is a flame heating process of metal constructions in 

which very limited areas of the construction are heated to the straightening temperature with the 

aim of inducing geometrical changes. 

The flame straightening process is used in most of metallic structure manufacturing companies. In 

many cases, it is not possible to carry out under economic conditions of metal structures without 

flame straightening. 
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1. Introduction 

Steel S960QL 

The analyzed steel (Strenx® 960 E, SSAB) is a class S960QL steel acc. EN 10025-6, designed for 

strong and light chassis, cranes, agriculture equipment and other loadbearing structures in a wide 

dimension range. STRENX 960 is a high tensile strength steel used in applications requiring 

maximum resistance to dynamic and static loads, such as transportation, construction, and heavy-

duty equipment. 

During the flame straightening process, the steel surface is subjected to high temperatures and 

thermal fluctuations, which can affect the microstructure of the material. For example, high 

temperatures can cause carbon pick-up or oxidation, and rapid cooling can lead to the formation of 

micro-cracks or a brittle structure. 

To minimize the negative effects of heating on the microstructure, it is important to control the 

flame temperature and heating time. Controlled and uniform cooling is also necessary to avoid the 

formation of micro-cracks or brittle structure. 

In general, flame straightening can have a negative effect on the microstructure of STRENX 960 

steel, but this can be minimized by using appropriate temperature and cooling control techniques. It 

is important that the flame straightening process is carried out by qualified personnel and that the 

potential effects on the mechanical properties of the material are considered [1], [2]. 

Typical applications and characteristics are: 

 Load carrying structures with high stress levels, 

 In a dynamic environment, vibrations, and alternating loads 
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 Excellent consistency of mechanical characteristics 

 Excellent impact resistance, with a good resistance against embrittlement  

 Good bending behavior, good surface quality. Excellent weldability, high mechanical strength, 

and impact energy HAZ 

The high strength steel S960QL is produced by controlled rolling over a given temperature range 

including an inline process of quenching and tempering. This steel is characterized by fine-grained 

martensite-bainitic structure with a grain size of 5-25 μm. Addition of vanadium affects the 

permanent carbides locking grain growth. 

Table 1 indicates a typical analysis of a S960QL steel, while Table 3 and Table 4 show the main 

mechanical characteristics and impact energy. 

Table 1. S960QL - Typical chemical composition [3]. 
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Ni  
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B  
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%) 

C  
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0.20 0.50 1.60 0.020 0.010 0.80 0.3 2.0 0.70 0.005 0.20 

Table 2. Mechanical characteristics of S960QL steels [3]. 

Thickness 

(mm) 

Yield strength Rp0.2 

(Min MPa) 

Rupture strength 

Rm 

(MPa) 

Elongation A5 

(min %) 

4.0 - 53.0 960 980 – 1150 12 

53.1 - 120.0 850 900 – 1100 10 

Table 3. Steel S960QL - Impact energy [3]. 

Steel type Min. impact energy, Charpy V For steel type 

Strenx® 960 E 40 J/ - 40 0C S960QL 

 

According [1] the HAZ of S960QL indicated higher sensitivity to the welding heat input 

compared to conventional structural steels. While in low or medium strength steels the HAZ 

toughness and hardness can be significantly affected by the t8/5 cooling time, in S960QL significant 

hardening and toughness reduction was observed in the whole cooling time range of the most 

common arc welding processes t8/5 = 2.5–30 s. In case of t8/5 = 100 s softening and extremely low 

CVN values were identified in CGHAZ. 

In 2022 Gyura et al. [2] indicated that S960QL high strength steel, significant softening was not 

observed; however, the toughness can drastically drop above the A1 temperature and: 

– Comparing the influence of the different flammable gases, generally acetylene resulted in more 

favorable hardness distribution in XAR400 and S960QL. 

– The inter- and supercritical temperature should be avoided in all steels; however, the 

subcritical temperature can be beneficial to the toughness properties of the S960QL and XAR400 in 

the case of both heating and cooling conditions. 

In general, heating at high temperatures can affect material properties, including strength, 

toughness, and ductility [4],[5]. 

A study published in the journal Materials Science and Engineering: A examined the effect of 

flame straightening heating on the microstructure and mechanical properties of STRENX 960 steel. 

The results showed that heating at temperatures up to 600°C did not significantly affect the 

microstructure of the steel and its mechanical properties. However, heating to temperatures above 

600°C resulted in a significant decrease in the hardness and tensile strength of the material. 

Another study published in the Journal of Materials Processing Technology evaluated the effect 

of flame heating on the deformation and mechanical properties of STRENX 960 steel. The results 

showed that heating at temperatures below 500°C had no significant effect on the mechanical 
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properties of the material, but heating at higher temperatures resulted in a significant decrease in 

tensile strength and ductility. 

The microstructure of the material is typical for this low alloyed, quenched, and tempered steels, 

containing high volumes of tempered martensite. Hardness is quite low, in the range of 45 HRB. 

Figure 1 (a) and Figure 1 (b) are showing typical microstructures of samples tested [6],[7],[8]. 

 

 

(a) (b) 

Figure 1. Typical microstructures of samples tested: (a) 100x; (b) 1000x. 

Usually, intensive heating should be avoided, and welding done with controlled heat input. 

Welding recommendations for S960QL steel include preheating for limitation of cooling speed 

and limited heat input to avoid overheating that modifies microstructure. On the other hand, flame 

straightening is a high temperature process inducing when correctly executed limited amounts of 

heat deep in the surface of the material. It is aimed to correct dimensional deviations using cumulated 

effects of concentrated (local) heating, heat expansion, deformation, and shrinkage.  

All materials suitable for welding can be flame straightened without difficulty, if the specific 

properties of the material are considered, as is also common practice in welding. The elastic modulus 

and therefore also the strength of the material decreases as the temperature increases. The following 

figure (fig.2) shows some possible materials to be flame straightened and their recommended 

temperature for flame straightening. 

 

Figure 2. Flame straightening temperature for various materials (Linde) [9]. 
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The selection of suitable equipment depends on the type and thickness of the material. In 

principle, sheets up to 25 mm thick can be straightened with a standard torches, which can be found 

in most workshops. For straightening thicker plates, adjustable attachments with three or more 

single-flame nozzles are available, eventually mounted on a small, wheeled device for easy 

movement over large areas. 

Flame straightening requires that the heating applied quickly. Thus, thermal expansion forces 

are guided from the cold (fixed) medium back to the heated, softened straightening zone, which is 

compressed. The heatedvolume must also be accurately limited in terms of surface area and depth. 

Acetylene and oxygen burners are the most suitable. In principle, other fuel gases can also be used. 

However, their use is difficult and less efficient. It should be borne in mind that lower heat output 

and higher secondary heat transfer occur [10], [11]. 

 

Figure 3. Heat flux density for various fuels gases [9]. 

In flame straightening processes, only an oxy-acetylene flame with intense combustion (high 

flame velocity) is used, which can be chemically neutral, with excess oxygen (oxidative character) or 

with excess acetylene (reducing character), depending on the material to be straightened (Fig.4) 

The amount of heat released, and the heat dissipated in the material must be proportional. If 

heating of the backside of the workpiece is required, in the case of straightening of non-alloyed low 

carbon steels, fine grained steels or thermomechanical rolled steels, or if the whole section of the 

workpiece is to be heated, a standoff flame cone shall be used [12], [13]. 
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Figure 4. The chemical characteristics of the flame during flame straightening [Linde] [9]. 

Figure 5 below and Figure 6 depict the principle and temperature profile of material surface as 

function of operating conditions. 

Surface temperature should exceed steel softening temperature to relieve compression stresses 

into deformation and later into component shrinkage [14], [15], [16]. 

Acetylene-oxygen flame is ideal for use in flame straightening, as it is the only suitable solution 

for all materials, with a different and visible flame setting. 

"Process adapted flame straightening" is only possible with acetylene and oxygen. Flame 

straightening with propane or natural gas is also possible, but execution time is higher and 

straightening effect is relevantly lower. 

 

Figure 5. The principle [9]. 
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Figure 6. Temperature profile [4]. 

Heating temperature should not exceed 700 oC, while heating cycle should be no longer than a 

few seconds. 

2. Experimental program 

Trials have been executed with standard industrial flame straightening burners. Their purpose 

was to evaluate the effect of misconducted heating cycles on microstructure and hardness of material, 

to evaluate the effect of possible fabrication errors on product behavior. 

The trials have been done using standard oxy-acetylene burners, on two material thicknesses: 

- 30 mm thick, single flame burner no. 7 (1.250 l/h acetylene) – figure 7 a 

- 80 mm thick, multi flame burner no. 10 (5.000 l/h acetylene) – figure 7 b 

During trials, given the low thickness of the heated layer, micro hardness measurements have 

been done across the specimen thicknesses as an indicator of an eventual material embrittlement. 

To standardize the heating effect, the linear energy of the flame has been calculated as reference 

value, even several other operating parameters such as fuel-oxygen ratio, flame position vs material 

surface etc. may influence the operation results. Flame efficiency has been assumed to be 60% 

[17],[18]. 

Figure 6 a) and Figure 6 b) show single flame and multi flame respectively. While single flame 

burners are typically used for straightening for thin materials, multi flame burners are designed for 

thick materials, where because of material thickness, the energy (heat) needed for reaching the 

straightening effect is higher and slight dissipation of heat reduces the risk of melting material 

surface.  
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(a) (b) 

Figure 7. a) single flame burner b) multi flame burner. 

3. Execution of trials 

Heating lines have been executed with identical burner power for each thickness, but with 

decreasing speed, to increase heat input. The heating torch was driven by straightening operator 

under strict control as regards speed and flame position to material surface. 

All samples were identical in size, 200 x 300 x thickness, heating lines executed on shorter size 

to avoid sample overheating. Table 4 synthetizes the trials executed.  

Table 4. Executed trials. 

Sample 

no. 

Thickness 

mm 

Burner 

size 

Acetilene 

flow 

l/h 

Heating 

time 

sec 

Heating 

speed 

cm/min 

Power input* 

J/cm 

Sample 

no. 

1 30 6 1250 25 48,0 14,4 1 

2 30 6 1250 30 36,0 20,2 2 

3 30 6 1250 45 26,6 26,0 3 

4 80 9 5000 35 48,0 80,8 4 

5 80 9 5000 55 34,2 126,9 5 

6 80 9 5000 70 26,6 161,6 6 

* Flame energy efficiency: 60%. 

The samples were analyzed as regards microstructure. Figure 4, Figure 5 and Figure 6 depict 

some microstructures of heated samples. 

It can be generally mentioned that no relevant microstructure increase has been noticed on most 

of the heated specimens.  

In a very interesting way, only a slight grain size increase has been noticed for components 

heated excessively, with linear energy exceeding 100 J/cm. This is understandable, as the linear 

energy is relevantly lower than the linear energy reached during MAG welding of this materials: 2.5 

– 3.5 kJ/cm [4]. 

Martensitic grain size increases slightly with heat input in the process as shown in Figure 8 and 

Figure 9. There are no other relevant changes in microstructure. 

One sample (no. 6—highest energy introduced) – Figure 9 - shows dark voids in the cross-

sections. A further analysis is needed to investigate their nature. These are assumed to be locations 

of earlier formed hard phases, most probably carbide precipitations, indicating that the excessive 

heating produced by a misconducted straightening effect leads to precipitation of most probably hard 

phases, but also presence of ferritic grains dissolved by chemical attack are not excluded. Further 

investigations will conclude on that –[19],[20]. 
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(a) base material  (b) heated layer (c) normalized layer  

Figure 8. Sample 2, 500x. 

 

  

(a) base material  (b) heated layer (c) normalized layer  

Figure 9. Sample 3, 500x. 

(a) base material  (b) heated layer (c) normalized layer  

Figure 10. Sample 6, 500x. 

The cooling medium and the cooling process after flame straightening depend on the type of 

material. Correct and efficient cooling after flame straightening involves careful dissipation of heat 

from the edge to the center of the heated area. It is mandatory that the cooling process does not cover 

the entire heated area. If possible, forced cooling after heating shall not be carried out after flame 

straightening. Among other things, the following aspects shall be considered when cooling 

components after flame straightening [21]: 

- excess stress build-up through uneven cooling may lead to additional deformation of the 

component. 

- formation of hard (brittle) structures. 

- critical cooling rates for sheet thicknesses greater than 25 mm. 

- exposure of the working area to water. 
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Cooling adjacent areas during heating has a positive influence on straightening and improves 

the straightening effect. 

4. Micro hardness analysis 

Micro hardness measurements using 200 gr test load. Measurements have been executed in a 

similar way with weld seams, capturing the whole thickness of the heated layer.  

The hardness measurements revealed the effect of heating on tempered martensitic layer. 

Surprisingly, against martensitic grain size increase but also the presence of the unidentified 

spherical phases, the micro hardness of the heat affected layer is rather low, lower that the state of 

delivery hardness guaranteed by the producer - 450 HB, approx. 470 HV0,3. The low hardness values 

indicated a depth of penetration of more than 5 mm for all samples, affecting microstructure and 

most probably mechanical properties in a similar way as welding 

Figure 10 and Figure 11 are showing the variation of micro hardness vs distance from sample 

surface [6], [7]. 

 

Figure 10. Micro hardness vs. distance from surface, 30 mm plates. 

 

Figure 11. Micro hardness vs. distance from surface, 80 mm plates. 

3. Conclusions  

• Heating is affecting the microstructure of the S960 steel analyzed. The heated layer shows 

an increased grainsize, while towards the non– affected material a normalizing structure shows up. 
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• Increasing heat input increases the effect on the microstructure and extends in the depth of 

microstructural changes in the material 

• Hardness of heated zone decreases as compared to the base material 

• Excessive heating might lead to carbide and other hard phase precipitation, therefore this 

should be avoided 

In conclusion, not only the correcting of a geometrical imperfection may be obtained by flame 

straightening but also various other aims as: facilitating the assembly, cambering or building, 

repairing of damaged products, overlaying of inner stresses etc.. 

The process of flame straightening suffers from several shortcomings that have strong impacts on the 

quality, safety and -very obviously- on the economy of the manufactured steel construction.  

These are: 

- the flame straightening process to achieve the desired geometry of a steel construction element is 

almost a matter of empirical craftsmen-knowledge and thus neither really explained nor quantified, 

although the physical background is highly scientific. 

- the procedure of flame straightening is only reliable for a few “standard-cases”. In many other cases 

the amount, location, sequence and holding time of heating is not clear. For these cases often several 

trials for searching the real parameter-set must be performed until the expected geometry can be 

achieved. Obviously, this “try-and-error” process significantly reduces the economy of steel 

constructions. 

 due to the heating of steel at higher temperatures with different holding times especially in cases 

of modern high strength steels (HSS) an exceeding of temperature and time may have 

detrimental effects on strength and toughness. 

 On the other hand, the reduction of the yield strength respectively the proportionality limit at 

higher temperatures leads to the necessity to reach temperatures above a certain level to induce 

a straightening effect by the heating process. 
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