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Abstract. A martensitic or bainitic structure of low-carbon steel provides its high strength and 

fracture toughness combined with good weldability. At the same time, the phase composition 

of such materials depends on the cooling rate in quenching and hence becomes rather non-

uniform in case of thick semi-products. Accordingly, to answer a challenging question of how 

this issue affects the metal properties, relevant methods of local structural analysis are required. 

To assess martensite fractions in low carbon bainitic steel quenched at different cooling rates, 

statistics of the crystal curvature in terms of EBSD data is analyzed. Results are verified by 

independent data on the transformation kinetics recorded by dilatometry and characteristic 

coupling of the transformation variants admitted by the interphase orientation relationship.   
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Introduction  

A martensitic or bainitic structure of low-carbon steel provides its high strength and fracture 

toughness, combined with good weldability. At the same time, the phase composition of such 

materials depends on the cooling rate in quenching and hence becomes rather non-uniform in 

case of thick semi-products. Accordingly, to answer a challenging question of how this issue 

affects the metal properties, relevant methods of local structural analysis are required. If some 

constituent is minor (e.g., martensite islands in a mostly bainitic structure), its accurate 

evaluation by the usual optical microscopy of etched sections will be hardly possible. A popular 

alternative is EBSD [1] that maps crystal orientations at periodically arranged separate points 

and, subsequently, related curvature (orientation gradient) that is sensitive to the local 

dislocation density. Since the latter notably differ in dissimilar phases (e.g., bainite and 

martensite), simple scalar measures for the curvature [2-5] have been applied to resolve the 

problem. 

The most used curvature characteristics are KAM (kernel average misorientation) and 

GAM (grain average misorientation). The former one averages magnitudes of misorientation 

angles between each data point and a predefined number of its neighbors. To enhance spatial 
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resolution of KAM, only the first coordination layer will be further considered. However, such 

a measure depends not only on the bulk lattice curvature but also on orientation jumps at 

interfaces. To avoid related errors, a proper tolerance angle t should be selected that will 

exclude neighboring points with >t. Moreover, t enables partitioning of the orientation map 

into finite domains separated by closed boundaries. Thus, unlike an essentially local and rather 

noisy KAM, GAM is introduced to express its average value over any domain and hence to 

specify the latter as a whole. To properly treat such structural elements, the EBSD scanning 

step  should be relevant to the considered structure. For example, if lath widths in martensite 

vary around 300 nm, <100 nm at most is desired. It is worth noting as well that both KAM 

and GAM are expressed in angular units (e.g., degrees) unlike the physical dimension of 

curvature [angle/length]. However, if spacing  is fixed, these characteristics are proportional 

to the orientation gradient and hence suitable for curvature imaging.   

The mapping of GAM or another related parameter still has serious limitations. First, it 

is not a trivial question of how to predefine certain curvature ranges indicative of various 

constituents. Second, even if such ranges are somehow selected, discrimination between 

domains of different structural types is not always accurate because their curvature variations 

may overlap. In the present paper, to mitigate the above-mentioned drawbacks, we will extract 

from the treated area an overall spectrum of curvature rather than its local values for specific 

elements. The obtained experimental results and those earlier reported in [6] indicate that shapes 

of such spectra are sufficiently sensitive to minor phase constituents, even if their distinction in 

curvature is modest. Furthermore, respective estimates can be verified by their comparison to 

the transformation kinetics as provided by dilatometry. 

One more way to make use of EDSD data in analysis of martensite or bainite structure is 

to assess specific interfacial areas between admitted variants of the orientation relationship 

(OR). According to [7-9], statistics of the variant coupling depends on fractions of martensite 

and bainite as well as on specific types of the latter. However, to accurately distinguish 

individual variants, an actual rather than virtual reference OR should be applied. Following 

[10], we will extract OR from a set of interfacial disorientation because this method excludes 

errors due to the substructure of parent austenite grains and strongly accelerates computations. 

Besides, the same OR will be used to select in the transformed structure the above-mentioned 

tolerance angle t that should correspond to the least inter-variant misorientation. 

 

Material and experimental methods 

Chemical composition of the considered steel (wt.%: 0.090C, 2.65(Ni + Cu), 0.83(Cr + Mo), 

0.27Si, 0.56Mn, 0.02V) suggests in its quenched state a mostly bainitic structure for a rather 

wide range of cooling rates (2 to 50 °C/s) covering various industrial conditions. Reheated to 

950 °C and then hold for 100 s, steel specimens (∅5×10 mm) have been quenched at cooling 

rates of 3 and 70 °C/s on Dil 805-A/D dilatometer. The transformation kinetics for these 

specimens is then represented in terms of their thermal expansions.  

Planar sections were prepared by conventional metallographic procedures and 

additionally subjected to electrolytic polishing; then the transformed structures have been 

analyzed by EBSD with a scanning step of 50 nm on SEM Lyra 3-XM at an accelerating voltage 

of 20 kV. Lattice orientations at discrete data points arranged according to a virtual square grid 

have been determined with an angular accuracy of about one degree within areas of 100m in 

width and height by means of own AZTEC software of the SEM.  

In addition to the orientation data further treated according to the next section, the band 

contrast (BC) of EBSD sensitive to lattice defects has been imaged. In a sense, its maps 

substitute microstructure images provided by the conventional chemical etching. 
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Treatment of experimental data  

To enhance accuracy of determined martensite fractions in the quenched bainitic steel, raw data 

of dilatometry and EBSD have been reprocessed as follows.  

Dilatometry. Unlike the simplified lever rule based on local tangent lines to the 

dilatometric curve, the transformation degree has been quantified according to [11] with 

allowance for temperature dependences of the thermal expansion coefficient in both the parent 

and product phases. When neglecting this issue, the transformation start temperature would be 

overestimated by 20 to 40 °C. Besides, derivatives of the recorded transformation degree with 

respect to temperature have been plotted to clearly reveal its bimodal (two-phase) character, if 

any. Since at the lower cooling rate (3 ᵒC/s) the transformation kinetics displays no distinct sign 

of the banite-to-martensite transition, a small fraction of the latter phase is roughly attributed to 

temperatures below certain Ms estimated according to [12] in terms of the chemical 

composition. Although at the higher cooling rate (70 ᵒC/s) such a transition near Ms virtually 

indicating the martensite start becomes apparent and suggests comparable fractions of 

considered phases, the refined final estimates will be based on EBSD data.      

EBSD. To get tolerance angle t needed in mapping GAM of individual bainite and 

martensite crystals, actual OR at the applied cooling rates have been specifically derived 

according to [10] from interfacial misorientations. Based on the same OR, mutual lattice 

rotations of its coupled variants V1/Vi (I = 2, 3, …, 24) have been determined with angular 

accuracy of one degree to evaluate the corresponding fractions of inter-variant boundaries in 

terms of their lengths on the section plane. To assess volume fractions of constituent phases as 

considered in the introduction section, the spectra of GAM further denoted by G are extracted 

from experimental bar charts for its probability density p over intervals of 0.02ᵒ width. Parts of 

p due to bainite and martensite are determined as follows.  

The main bainite contribution to p is approximated by a continuous function, whereas the 

residual due to other constituents is found by subtraction of this approximation from p. The 

considered function is sought in a form 

𝐵 = 𝛼𝑓,   0 < 𝛼 ≤ 1,             (1) 

where  

𝑓 = (2𝜋)−1/2(𝐺𝜎)−1𝑒𝑥𝑝{−(𝐿𝑛(𝐺) − 𝜇)2/(2𝜎2)}          (2) 

is a lognormal function of G. It was necessary to rescale f since its integral over the whole range 

of G reaches unity that generally exceeds an integral of constituent B. The lognormal function 

is used since it is relevant to a natural effect of the current transformation degree on its further 

rate and has suitable properties (a positive definition range and a longer right tail). In a sense, 

such an effect resembles the popular example of a repeatedly crushed solid, where the number 

and dimensions of debris at any step are predefined by those at previous steps. Parameters ,  

and  are sought to get  
∑ (𝐵𝑖 − 𝑝𝑖)

2 = 𝑚𝑖𝑛𝑛
𝑖=𝑚                   (3) 

over an appropriate region of axis G (sequence of G intervals m≤i≤n). At the low cooling rate, 

a very small amount of martensite, if any, should not affect the mode (maximum position) of 

experimental p. Therefore, this mode is ascribed to B for predominant bainite. Function B is 

then fitted to the plot of p except for its lowest values at the right tail, corresponding to the 

maximum level of curvature. The same region is then used to assess the martensite fraction. In 

case of the rapid quenching that admits a notable fraction of martensite, B is fitted to a part of 

the left tail before a distinct inflection point due to influence of the harder constituent. In both 

cases, a nonlinear least-square method is employed to find three parameters of function B.  
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Results and discussion 

Figure 1 represents temperature dependences of the transformed fractions and their derivatives 

at the two cooling rates. Owing to a smooth transformation curve confirmed by a mono-modal 

shape of the derivative, no sign of martensite is perceptible at the slow quenching. Thus, a pure 

bainite should predominate, whereas temperature of about 670 ᵒC at its nucleation suggests a 

granular type of this phase.  

 

  
   (a)          (b) 

Fig. 1. Temperature dependences of the transformation degree (a) and its derivative (b)  

at cooing rates of 3 and 70 °C/s. The rates correspond to red and blue lines, respectively 

 

Formally, few per cent of martensite and residual austenite can comply with a temperature 

range below theoretical Ms owing to the carbon repulsion into austenite during the bainitic 

transformation [13-15]. However, this reservation must be verified by an independent method. 

In case of the rapid quenching, the martensite appearance near Ms becomes apparent due to both 

an inflection region in Fig. 1a and a bi-modal distribution in Fig. 1(b). In this case, the 

nucleation of bainite below 600 °C admits its low-temperature (lath) sort. At the same time, to 

confirm the latter and accurately quantify fractions of the coexisting phases, EBSD data should 

be analyzed.  

   

  
(a)      (b) 

Fig. 2. EBSD band contrast maps of steel quenched from 950ᵒC  

at cooling rates of (a) 3 and (b) 70ᵒC/s 
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BC maps of EBSD shown in Fig. 2 qualitatively support the previous assumptions. 

Indeed, at the low cooling rate the most part of the transformed structure corresponds to the 

granular bainite although small fractions of dispersed dark domains and light grains may be 

attributed to a martensite/austenite constituent and ferrite, respectively. At the high cooling rate 

the BC map looks as an expected mixture of bainite and martensite where the former phase 

mostly gets lath morphology since the temperature of its nucleation has been notably reduced 

with respect to the previous case.  

According to GAM maps represented in Fig. 3, the average level of crystal curvature 

increases at the rapid quenching, as expected. At the same time, the contrast of these images is 

not sufficient to accurately quantify fractions of the coexisting bainite and martensite. That is 

why, to refine analysis, the curvature statistics becomes indispensable.    

 

  
        (a)               (b) 

 

Fig. 3. GAM maps of steel quenched from 950ᵒC at cooling rates of (a) 3 and (b) 70 °C/s 

 

Figure 4 represents GAM spectra for the considered cooling rates. As expected, the 

spectrum at faster cooling spreads to right, that is, to stronger curvature. Dashed lines in these 

plots correspond to bainite constituents fitted according to Section 3 to experimental p. Note 

that despite the slow quenching, the lower part of the right tail in Fig. 4(a) distinctly deviates 

from the bainitic curve and hence suggests some martensitic residual. As to some deviation of 

p from B at the lowest level of curvature (G < 0.2 deg), this may be partly due to an insignificant 

fraction of ferrite and will not affect treatment of a short martensite range at the right tail. The 

fitted lognormal approximations display relevant properties. Indeed, in both cases the 

corresponding bainite constituents are situated within the same range of G; moreover, the 

positions of their maximums prove to be rather close to each other. According to the difference 

between lath (low temperature) and granular types of bainite in dislocation density, a slightly 

higher mode of B at the rapid cooling (Fig. 4(b)) also could be expected.                  
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(a)                                                    (b) 

 

Fig. 4. GAM spectra of steel quenched from 950 °C at cooling rates (a) 3 and (b) 70 °C/s. 

Rescaled lognormal functions (dashed lines) fitted to experimental data approximate 

respective bainite constituents 

 

Bainite and martensite fractions evaluated by the dilatometric technique and derived from 

EBSD data at different cooling rates are listed in Table 1. Although results based on virtual 

temperature Ms due to the chemical composition of steel [12] could not pretend to high 

accuracy, correspondence between estimates by the two methods proves to be better than could 

be expected. As to a lesser martensite fraction at the high cooling rate according to the former 

approach based on calculated Ms, the latter is hardly relevant here because it presumes the 

martensite appearance first rather than its nucleation at the preformed bainite. It is worth noting 

as well that evaluation of bainite fraction ignores an insignificant contribution of ferrite possible 

in the considered steel at the cooling rate of 3 ᵒC/s.        

 

Table 1. Bainite and martensite fractions (%) evaluated by two methods 

Method Cooling rate, ᵒC/s Bainite Martensite 

 

Dilatometry* 

3 96.4 3.6  

70 43.2 56.8 

 

EBSD 

3 95.5 4.5 

70 55.5 44.5 
* Rough estimates based on a virtual temperature of martensite start 

 

Statistics of OR variant coupling represented in Fig. 5 also qualitatively comply with the 

previous analysis. Thus, according to [7,8], predominance of V1/V8 couple and modest 

frequency of V1/V2 are characteristic for bainite nucleated at higher temperatures peculiar the 

slower cooling. At the rapid cooling and hence lesser temperature of the transformation start, 

as noted in the same reference, the strongly increased V1/V2 and reduced V1/V8 couple 

frequencies indicate another (low temperature) sort of bainite. At the same time, these findings 

are hardly relevant to the considered martensite because the latter appears after a significant 

fraction of the preformed bainite. Besides, according to [16], in some steels the couple V1/V4 

rather than V1/V8 can dominate in high temperature bainites.  
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                                           (a)              (b) 

 

Fig. 5. Spectra of OR variant coupling in steel quenched from 950ᵒC at cooling rates (a) 3 and 

(b) 70ᵒC/s. Dotted lines correspond to the random variant coupling 

     

Conclusion  

The crystal curvature spectra derived from EBSD data reflect the difference between bainite 

and martensite in dislocation density, and hence enable assessment of martensite fractions in 

low carbon bainitic steel quenched at low and high cooling rates. This method applicable to 

industrial steel semi-products gains in significance when a minor structural constituent cannot 

be properly quantified by conventional metallographic techniques.  
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