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Flame straightening is a technology process used to eliminate deformations. This method relies on local heating of the 

material to correct geometry or damaged parts. In the local automobile services its main use is for repairs of less critical 

deformed components. The maximum temperature and thermal gradient, heating time, cooling rate and number of heating 

cycles affect the mechanical properties since local heating can alter material microstructure. The aim of this research was 

to determine the mechanical characteristics of thin steel plates repaired by local heating associated with plastic deformation 

(similar to hot working) and cold straightening (similar to local cold working) for automotive side and door panels made 

of structural steel. Thin sheet plates, 0.9mm thickness, were deformed by impact and repaired by local heating using the 

flame and induction heating then plastically deformed while hot as well as straightened without heating. The heat repaired 

samples were studied by light microscopy to determine microstructure change and samples were tensile tested to determine 

their mechanical characteristics. Local excessive grain growth generates anisotropy, the assembly behaves as a composite 

material with regions that show significant plastic deformations while others little or no deformations at al. Without 

procedures adjusted to each material repairs involving heating are to be avoided, cold working should be employed when 

replacement is not possible. 
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Flame straightening is a technology process used to eliminate deformations, usually in welded structures. Its principle 

relies on metallic materials behavior: their expansion when heated and contraction when cooled. If expansion is restricted 

compressive stresses are generated and upon their build up, the elastic limit of the material is superseded and the metallic 

material deforms plastically [1-3]. 

This common practice is applied for structural steels and can be applied to repair damaged elements and correct the 

geometry. By applying a heat source on the region of interest a thermal gradient appears: the region least heated, furthest 

from the heat source, restrains the deformation of the heated material and creates compressive stresses in the regions with 

high temperatures. 

In practice, for product thickness less than 25mm an oxy-acetylene flame is used [4]. 

When flame straightened following parameters affect the mechanical properties of the material: 

 maximum temperature; 

 temperature gradient; 

 heating time and cooling rate; 

 the number of heating cycles. 

The mechanical properties of the material are in direct relation with its microstructure, thus all parameters above need 

to be strictly controlled [5, 6]. 

In local automobile services flame straightening is used to repair components deformed in a car crash. Two heating 

methods are frequently employed: flame and induction. Regardless of the method employed, the process parameters are 

barely controlled: temperature is somewhat appreciated by color in a subjective manner, while heating pattern, time, number 

of cycles and cooling are disregarded. 

The repaired components might be esthetically satisfactory but safety is greatly affected by the change of the mechanical 

characteristics of the repaired panel caused by grain growth and other microstructure changes when heating is involved [4-

6]. 
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The aspect of repaired components needs to be accounted for in the safety and crash performance of automotives and 

this research sets a base for further studies regarding these aspects. 

 

Experimental part 

Materials and methods 

Two panels made of structural steel for the automotive industry were used for this study. The panels had prior 

deformations generated in a car crash. Repair procedures for mild impact imply local heating, local heating and deformation 

(similar to hot working) and cold working, depending on the damage degree. 

Local heating was applied using two methods: using oxy-acetylene torch and induction heating in the region where the 

panel was deformed and local straightening was performed by slight hammering the deformed panels until satisfactory 

results were obtained. The local heated specimens were obtained in two states: heated and heated and deformed by slight 

bending into shape. 

Sample coding and repair procedure applied is presented in table 1. 

 
Table 1 

SAMPLE CODING AND REPAIR PROCEDURES 

Sample designation Repair procedure applied 

SP0 Reference sample, no repairs. 

SPF Local heating using oxy-acetylene torch. 

SPFR Local heating using oxy-acetylene torch + slight bending into shape. 

SPI Local heating using an inductor. 

SPIR Local heating using an inductor+ slight bending into shape. 

SPCR Repair by cold working. 

 

The reference samples SP0 were obtained from replacement panels with no damage made of same structural steel. 

Tensile specimens with dimensions according to ISO 6892-1 were then obtained from all panels, 3 samples/repair 

procedure, as described schematically in fig. 1. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The samples were tested using a Walter+Bai servo-hydraulic universal testing machine in tension and ISO 6892-1 

procedures applied to determine mechanical characteristics. 

From the heated specimens metallographic specimens were obtained and prepared accordingly for light microscopy 

studies and using the Reichert Univar microscope and its bundled software package. 

The chemical composition of the steel was determined using the Spectromaxx optic emission spectrometer. 

 

Results and discussions 

The chemical composition of the steel was determined on each panel used in this study by optical emission spectrometry. 

In table 1 an average chemical composition is presented. 
Table 1 

CHEMICAL COMPOSITION OF THE STEEL 

Element %C %Si %Mn %Cr %Ni %Cu %P %S %Fe 

%wt 0.054 0.062 0.114 0.027 0.024 0.012 0.016 0.0096 Bal. 

 

 
Fig. 1 Heating patterns for torch and induction       

 means and tensile test sample specimen position 

Panel

Deformed region

Torch spot heating
pattern

Induction heating
pattern
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This chemical composition is generic and found in most standards as structural non alloy mild steel complying to steels 

with Werkstoffnummer 1.0389 and 1.0335 which specify carbon content less than 0.08% and manganese content less than 

0.45%. The phosphorus and sulfur contents fall below the half of the specification, 0.025% and 0.030%. 

For metallographic observations the samples were cut, mounted and prepared following the specific procedure for steels. 

Grain size measurement was performed using a Heyn lineal intercept procedure using an array of 20 vertical and horizontal 

lines, in fig. 2 horizontal line placement is shown on the different regions of microstructure. 

 

   
Fig.2 Horizontal line placement when Heyns' lineal intercept method was applied on the micrograph 

 

In fig. 3 the grain size number G is shown for the various regions of microstructure. The value G is a mediated value 

from the results on vertical and horizontal results. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  
Fig. 4 Microstructure of the steel from an as delivered panel 

 

The microstructures presented in fig. 3 are obtained in a transverse section relative to the long axis of the panel. It can 

clearly be seen how local heating generates an excessive grain growth in the heated region and next to it heat influences are 

clearly observable on grain size. By induction heating grain growth was more pronounced when compared to oxy-acetylene 

torch method. 

The nominal grain size of the steel determined on an unaltered specimen was G=10.39. 

The normal microstructure of the steel, shown in fig. 4, is formed of feritic grains with a slight preferred orientation 

given by cold working. 

  

a. b. 
Fig. 3 Microstructure of the steel showing local heating effects on microstructure and grain size when 

a. oxy-acetylene torch and b. induction heating was used 
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The tensile specimens were tested on the universal testing machine according to ISO 6892-1 specifications. A stress - 

strain comparison is shown in fig. 3 a, while in fig. 3.b details from the yield point region are shown. The specimens that 

were not heated showed no apparent yielding, while heated specimens do, as seen in fig. 5.b for specimen SPFR, SPF and 

SPIR. 

 

  
a. b. 

Fig. 5 Stress - strain curves for the tested specimens showing a. general overview and b. a detail on the yield  

point region of the curve 

 

The apparent yield point is specific for steels in an annealed state, thus local heating caused phase transformation in the 

material similar to those in an annealing heat treatment [7-10]. The stress-strain curve of the sample repaired by cold working 

resembles the one of the reference, thus the steel was cold worked with a certain degree when shaped for the panel. 

The sample heated by induction SPI did not manifest an apparent yield point and our conclusion is inconstant heating in 

the repair procedure. In workshop conditions temperature is appreciated by heating colors which are subjective and strongly 

influenced by ambient lighting. 

In fig. 6 to 11 the bar charts show the comparisons of the mechanical characteristics determined post stress - strain curve 

processing. 

In fig. 6 the tensile strength was highest for the reference sample SP0 and second the cold worked sample SPCR. The 

heated samples SPF and SPI have the lower values, induction heating resulted in the lowest tensile strength. Slight bending 

during heating results in an increase in tensile strength values. 

The yield strength variation shown in fig. 7 is according to expectations: by cold working an increase is expected, as 

shown by sample SPCR, and, when heated - similar to an annealing, a drop in yield strength was observed. Slight bending 

on the heated samples did not create a significant increase in yield strength value. 

Comparing the percentage plastic extension at maximum force in fig. 8 an unexpected result was observed: the cold 

worked sample SPCR showed largest extension, followed closely by the induction heated sample SPI. Same variation was 

observed for the percentage total extension at maximum force in fig. 9. 

The percentage elongation after fracture variation shown in fig. 8 and the percentage total extension at maximum fracture 

shown in fig. 10 are similar. Largest extension appears in the cold worked sample SPCR, while the lowest value is to be 

observed in the flame heated and bent sample SPFR. The largest extensions in the cold worked sample, SPCR, are a 

consequence of remnant deformed regions which straightened when the test sample was stressed. 

According to theory by cold working the mechanical characteristics (hardness, tensile strength) are to increase, while 

plasticity (quantified by extensions) are to decrease. When annealed, the reverse is expected: plasticity is expected to 

increase and mechanical characteristics are to decrease. 

The results from the tests do not agree to the theory given the local heating of test samples followed by microstructure 

changes which results in a "composite" material behavior [11-13]. 

The behavior of the tensile specimens was studied by the slope change on the load-displacement curves where uniform 

plastic deformation occurs. The load-displacement curve was segmented into three regions where the variation was almost 

linear and the slope and the intercept determined in a manner similar to a spring constant or the stiffness of a body, details 

are shown in fig. 12. 
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Fig. 6 Tensile strength comparison 
Fig. 7 Yield strength comparison 

 

  

 

Fig. 8 Percentage plastic extension at maximum force 

comparison 

 

Fig. 9 Percentage total extension at maximum force  

comparison 

  

 

Fig. 10 Percentage elongation after fracture comparison 

 

Fig. 11 Percentage total extension at maximum fracture 

comparison 
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Fig. 12 Processing of the load - displacement curve by segmenting 

into three regions with linear behavior and slope estimation 

 

On each region 5 points were randomly selected and a linear regression was fitted in order to determine the slope and 

the intercept, as shown in fig. 13. 

 

 

Fig. 13. Linear fit on a set of five random selected points 

 

The estimated slopes k1, k2 and k3 and corresponding intercepts i1, i2 and i3 are presented in table 2. 

 
 

Table 2 

ESTIMATED SLOPES AND INTERCEPTS 

Sample k1 [N/mm] i1 [N] k2 [N/mm] i2 [N] k3 [N/mm] i3 [N] 

SP0 62.86 1897.56 27.39 2082.10 4.40 2371.70 

SPF 258.07 1252.95 44.75 2017.63 7.29 2388.84 

SPFR 260.12 1244.03 30.77 1965.51 2.50 2320.63 

SPI 373.93 1056.42 62.24 1666.48 4.64 2249.49 

SPIR 328.79 1105.17 39.15 1925.04 11.44 2200.47 

SPCR 46.71 1957.16 30.74 2040.88 5.14 2353.87 

 

The behavior in the first region of the curve described by k1 reflects that the samples heated by induction require highest 

energy to deform the material and same observation can apply to the samples heated using the torch. The reference and cold 

repaired samples are on another magnitude level, the slope values are about 6 times lower than those heated by induction. 

This could be caused by microstructure change caused by a thermal treatment similar to a recrystallization annealing or 

normalizing in the heated samples, while the other samples are already plastically deformed. 

In the second region, where k2 is used as descriptor for the behavior, it can be seen that all samples fall in the same range 

of values while and in the third region according to k3 the samples behave in the same manner.  

The intercept value shows same variation as the yield strength which it was to be expected and it was not considered a 

valuable descriptor for the specimen behavior in tension. 
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In such structure the mechanical characteristics are decisive in stress and strain distribution. To illustrate the importance 

of such variation a finite element analysis was developed and performed in SolidWorks Simulation using a simplified model 

of the current case: an assembly was devised with 4 components with various mechanical characteristics adjusted to conform 

the experiment. 

The assembly was stressed in tension and the results are presented in fig. 10. 

 

  
                   a.               b. 
Fig. 14 Simulation results showing a. von Misses stress and b. strain 

distribution in the assembly 

 

The von Misses stresses are almost uniformly distributed in the specimen, as observed in fig. 14.a while the strain 

distribution presented in fig. 14.b suggests that the most strained region is in the center, where mechanical characteristics 

were parameterized as lowest. The uneven strain distribution can be a cause for the abnormal behavior of the specimens 

during the tensile tests]. 

The assembly can be modeled as a set of springs in series with different spring constants 𝑘1 and 𝑘2 as shown in fig. 15. 

The load 𝐹 is uniformly distributed in the assembly as equation (1) states, while the equivalent extension 𝑥𝑒𝑞 is given by 

the summation of individual springs elongation 𝑥1 and 𝑥2 (2). Using the relations from equation (1) in equation (2) the 

equivalent spring constant 𝑘𝑒𝑞 can be determined using equation (3) and simplifying the force yields equation (4). The total 

elongation of the assembly is dictated by individual characteristics of the components and the spring with lowest mechanical 

characteristics is to deform strongest [14-16]. 

 

 

𝐹 = 𝑘𝑒𝑞 ∙ 𝑥𝑒𝑞 = 𝑘1 ∙ 𝑥1 = 𝑘2 ∙ 𝑥2 (1) 

𝑥𝑒𝑞 = 𝑥1 + 𝑥2 (2) 

𝐹

𝑘𝑒𝑞
=

𝐹

𝑘1
+
𝐹

𝑘2
 (3) 

1

𝑘𝑒𝑞
=

1

𝑘1
+

1

𝑘2
 (4) 

Fig. 15 The behavior of springs in series 

 

The local deformations of the tensile test samples were studied by tracing a grid before testing and measuring the local 

deformations for each part. Both local elongation and narrowing were determined by dividing the change in length to its 

original length and multiplying the ratio by 100, the procedure is illustrated by fig. 16.  
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Fig.16 Tensile tested specimen with measuring grid 

with elongation and narrowing variation on the length of the 

specimen 

 

The procedure described above was applied to each tested specimen and the local deformation is presented in fig. 17. 

 

  
a. b. 
Fig. 17 Deformations determined on the length of the test samples, a. showing local elongation and b. narrowing variations 
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The local elongations presented in fig. 17.a show that the reference sample SP0 and the one repaired by cold working, 

SPCR, show a gradual increase in elongation values peaking in the region where necking occurred, while the heated 

specimens show highly localized elongations, where repairs were performed. 

The local narrowing shown in fig. 17.b resembles mostly the same variation of the elongations, the cold repaired sample 

SPCR shows an abnormal variation which can be regarded as a consequence of extremely localized strong deformations 

caused by hammer blows. 

 

Conclusions 

This study was destined to investigate how common repairs of deformed automotive panels affect structural integrity of 

the component. The results show that local heating, regardless of the method employed, causes local excessive grain growth 

with deleterious effects on mechanical characteristics and plasticity.  

Induction heating, without proper control, caused most unfavorable structure in the material. 

As descriptors for the mechanical performance the yield strength of the material is the most useful since it reflects the 

affected regions true characteristics. 

The repaired panel becomes anisotropic, the heated regions deform strongest and become fracture initiation sites. 

The procedures involving heating need to be optimized and material dependent parameters set to obtain good results. 

Repairs performed without heating offered best results and when panel replacement is not possible this is the procedure 

recommended. 
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