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Abstract 

 

The extremely slow transformation kinetics of a nanocrystalline bainitic steel, allow the 

carbon content of the bainitic ferrite away from any carbon-enriched regions such as 

dislocations and boundaries to be determined by atom probe tomography (APT) as the 

bainite transformation progresses at 200 ºC. A high level of carbon, well above that 

expected from paraequilibrium with austenite, has been detected in solid solution in 

bainitic ferrite at the early stage of transformation. Results provide strong evidence that 

bainite transformation is essentially displacive in nature so that the newly formed 

bainitic ferrite retains much of the carbon content of the parent austenite.  
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Introduction 

 

The transformation of austenite to ferrite at intermediate temperatures (~200-550 ºC), 

known as the bainite reaction, is the phenomenon that has likely caused the most 

controversy in the field of physical metallurgy [1-11], and it is still in dispute today [12, 

13]. After much debate, two primary opposing viewpoints have formally evolved. The 

shear or displacive theory [6, 14] states that bainitic ferrite forms by shear and that the 

transformation is essentially martensitic in nature, (i.e., the individual atom movements 

are less than one interatomic spacing) and proceeds by the formation of sub-units. The 

ledge-wise or reconstructive theory [15, 16] states that bainite is a product of a 

reconstructive transformation (i.e., the majority of the phase transformations that occur 

in the solid state takes place by thermally activated atom movements) and grows by the 

migration of growth ledges on the broad faces of the interface.  

The traditional criterion for distinguishing between the rival theories of bainite 

transformation, shear vs. ledge-wise, is whether the newly formed bainitic ferrite has the 

para-equilibrium carbon content (~0.12 at.%) or if it is supersaturated with carbon. 

However, in most alloys, it is impossible to experimentally estimate the initial carbon 

content of bainitic ferrite because the time taken for any carbon to diffuse into austenite 

can be extremely short. Carbon resides in interstitial sites in the crystal lattice because 

its atomic size is sufficiently small relative to that of iron. It can be very mobile at 

temperatures as low as -60 ºC [17].  

The carbon level in newly formed bainitic ferrite may be determined indirectly by 

analysing the carbon concentration in the austenite at the end of the bainite reaction [18-

22]. Carbon concentrations of the residual austenite indicate that bainite initially forms 
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having a full supersaturation of carbon, confirming the incomplete reaction 

phenomenon. This incomplete reaction is defined as the temporary cessation of ferrite 

formation before the fraction of austenite transformed to ferrite, allowed by the lever 

rule in the absence of carbide precipitation at ferrite/austenite boundaries, is reached [4]. 

Over the last 25 years, this phenomenon has been the subject of numerous original 

research papers, but no compelling evidence to resolve the controversy has been 

presented.  

Slow reaction rates can be advantageous for determining the carbon content of the 

bainitic ferrite during growth. The rate at which bainite forms will slow down 

dramatically as the transformation temperature is reduced. There is, in principle, no 

lower limit to the temperature at which bainite can be generated. However, it may take 

hundreds or thousands of years to generate bainite at room temperature [23]. The theory 

of the bainite transformation [24] allows the estimation of the lowest temperature at 

which bainite can be formed in a reasonable time. A novel alloy has been designed, with 

the approximate composition of Fe-1C-1.5Si-1.9Mn-1.3Cr wt% (Fe-4.3C-2.8Si-1.8Mn-

1.3Cr at%), which on transformation at 200 ºC for 144 h, leads to a remarkable 

microstructure, known as NANOBAIN. The microstructure consists of slender crystals 

of ferrite, whose controlling scale compares well with that of carbon nanotubes (20–40 

nm). NANOBAIN is the strongest bainite produced to date (~2500 MPa), has 

considerable ductility, is tough (30–40 MPa m
1/2

) and does not require severe 

deformation, mechanical processing or rapid cooling [25]. The steel after heat-treatment 

does not have long-range residual stresses, it is inexpensive to produce, and has uniform 

properties in large sections. In effect, the hard bainite has achieved all of the essential 

objectives of structural nano-materials, but in large dimensions. This new generation of 
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nanostructured steels has incredible potential in the transport, construction and offshore 

industries, as well as defence applications. 

The extremely slow transformation kinetics of this NANOBAIN steel allow the carbon 

content of the bainitic ferrite away from any carbon-enriched regions such as 

dislocations and boundaries to be determined by atom probe tomography (APT) as the 

bainite transformation progresses at 200 ºC. Thus, experimental evidence for the 

mechanism controlling bainitic ferrite growth can be obtained, enabling the longest-

standing controversy in the field of physical metallurgy to be solved. 

 

 

Experimental Procedure 

 

The steel was supplied as a cast ingot, samples of which were then homogenized at 

1200 ºC for 48 h in partially evacuated sealed quartz capsules that were flushed with 

argon. The sealed samples were cooled in air following the homogenization heat 

treatment. Homogenized specimens were austenitized for 15 min at 1000 ºC and then 

isothermally transformed at 200ºC for different times before quenching into water. 

Quantitative X-ray diffraction (XRD) analysis was used to determine the volume 

fraction of retained austenite in the steel. After grinding and final polishing with 1 m 

diamond paste, the samples were etched to obtain an undeformed surface. A Siemens D 

5000 X-ray diffractometer using unfiltered Cu K  radiation, at a scanning speed (2 ) < 

0.3 degree/min and operating at 40 kV and 30 mA was used. The bainitic ferrite and 

retained austenite carbon contents were calculated from the lattice parameters obtained 

from their corresponding diffraction peaks according to ref. [26]. 



 

 

 

5 

Transmission electron microscopy (TEM) specimens were machined to 3 mm diameter 

rods and electropolished with a twin-jet electropolisher at room temperature in a 

mixture of 5 % perchloric acid, 15 % glycerol and 80 % methanol at 40 V until 

perforation occurred.  

Atom probe tomography specimens were cut from bulk material and electropolished 

with the standard double layer and micropolishing methods [27]. Atom probe analyses 

were performed in the ORNL local electrode atom probe. The introduction of this 

instrument has made dramatic, orders of magnitude improvements in the data 

acquisition rate and the size of the analyzed volume compared to previous types of 

three-dimensional atom probes. The local electrode atom probe was operated with a 

specimen temperature of 60 K, a pulse repetition rate of 200 kHz, and a pulse fraction of 

20 %. 

 

 

Results and Discussion 

 

NANOBAIN is a novel high carbon, high silicon steel that transforms to nano-scale 

bainite at extremely low temperatures. The kinetics of bainite transformation at two 

different temperatures (200 and 300ºC) in this steel was reported elsewhere [28]. 

Results on the phase fractions and hardness of NANOBAIN microstructure formed at 

200ºC as a function of time are summarize by Fig. 1. After 24 h at 200 ºC, the bainite 

transformation has not started and a mixture of martensite and retained austenite is 

obtained upon quenching. A longer time (48 h) at this temperature was required to 

obtain a significant degree of bainitic transformation (34  3 %). Transformation is 
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completed after 144 h, when a microstructure consisting of bainitic ferrite and retained 

austenite with extraordinarily high hardness (605  9 HV) is obtained.  

After transformation at 200 ºC, the plates of bainitic ferrite are thin and long, resulting 

in a fine-scale structure consisting of an intimate mixture of austenite and bainitic ferrite 

with a plate thickness of 35  2 nm, as shown in TEM images in Fig. 2 [29]. The major 

refinement in the steel is a consequence of the effect of high carbon content and low 

transformation temperature on increasing the strength of the austenite and then the 

dislocation density. Dislocation debris in this microstructure is evident in both the 

bainitic ferrite and the surrounding austenite, Fig. 2b. Dislocations resist the 

advancement of the bainitic ferrite/austenite interface, the resistance being greatest for 

strong austenite.  

The evolution of the carbon content in austenite, as determined from XRD analysis and 

APT, during transformation at 200 ºC in NANOBAIN is steel is listed in Table 1 and 

shown in Fig. 3a. APT values are estimated using concentration profiles in a selected 

volume within austenite regions with a random solid solution. Examples of 3D carbon 

atom map and carbon concentration profiles showing austenite and ferrite regions are 

reported elsewhere for the same steel [28]. The concentration of carbon is determining 

counting the number of carbon atoms in small slices perpendicular to one of the axes of 

the selected volume. The size of the slices is a compromise between maximizing the 

number of ion atoms and the spatial resolution. Error bars for APT values represent the 

statistical scatter in the composition profiles due to the number of ions in each slice of 

the selected volume of analysis.  

The XRD data in Fig. 3a clearly indicate that, as the formation of bainitic ferrite 

progresses, the austenite is gradually enriched in carbon from the overall carbon content 
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to that given by the incomplete reaction phenomena or oT  value and well before the 

paraequilibrium phase boundary value ( 3eA ). The trend of the APT values as function 

of time in Fig. 3a may not be so obvious. This is a consequence of the existence of non-

uniform distributions of carbon in austenite [22]. The austenite films entrapped between 

neighbouring sub-units of bainitic ferrite have a higher carbon content than the blocks 

of residual austenite located between the sheaves of bainite. Moreover, nano-sized 

austenite films can accumulate higher amounts of carbon (up to 10 at-%) during bainite 

formation [22].  

Beside the normal differences between APT and X-ray analysis, these results are an 

indirect manifestation of the displacive nature of bainite transformation so that the 

original bainitic ferrite retains much of the carbon content of the parent austenite. The 

partitioning of carbon into the residual austenite occurs immediately after formation. 

The bainite reaction is expected to cease as soon as the austenite carbon content reaches 

the value at which displacive transformation becomes thermodynamically impossible, 

i.e., oT  value, as the free energies of the residual austenite becomes less than that of the 

bainitic ferrite of the same composition.  

Despite the significant fraction of bainitic ferrite formed after 144 h at 200 ºC, Fig. 1, 

the austenite does not seem greatly enriched in carbon. This behaviour could be 

explained if a significant quantity of carbon is trapped in the bainitic ferrite. However, 

an unrealistic amount of defects would be required to trap the excess of carbon, 

estimated to be between 1.4 and 2.4 at.%, depending on the transformation time. In term 

of volume fraction, around 20-30 % of the bainitic ferrite matrix should exhibit carbon 

segregation at defects, which is not consistent with a defect density of 10
15

 m
-2

 for a 

bainitic microstructure [30, 31]. 
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A simple mass balance estimate of the carbon suggests that the carbon content of 

bainitic ferrite should be significantly higher than the para-equilibrium value during 

bainite formation at low temperature. Measurements of the carbon content in bainitic 

ferrite by XRD analysis and APT in Table I and Fig. 3b confirm this assumption. The 

APT estimates are from selected volumes of ferrite that did not contain any carbon-

enriched regions, such as dislocations and boundaries, whereas the higher XRD 

estimates are average estimates of larger volumes of bainitic ferrite that include such 

carbon-enriched regions. Error bars for APT values here represent standard deviations 

of the mean value representing the dispersion of a collection of APT measurements. 

Both techniques confirm the small carbon enrichment in the residual austenite compared 

to the nominal carbon concentration of the steel. Moreover, APT values prove the 

presence of a high level of carbon in bainitic ferrite, which was well above that expected 

from paraequilibrium with austenite (PE value of 0.12 at.%).  

What is remarkable is that, for the first time, we were able to effectively monitor the 

decarburisation of supersaturated bainitic ferrite as the transformation progresses. The 

APT results provide clear evidence of carbon supersaturation in bainitic ferrite at the 

early stage of transformation. Beyond question, we can state that the bainite 

transformation is essentially displacive in nature. 

The question then arises as to where does the carbon go as decarburization of super-

saturated bainitic ferrite progresses?. A carbon atom map with superimposed 

isoconcentration surfaces obtained from the sample transformed at 200 ºC for 240 h is 

shown in Fig. 4a. The distribution of the carbon atoms in the analysis volume is not 

uniform and carbon-rich and carbon-depleted regions are clearly distinguishable. This 

volume encompasses a central carbon-enriched (10.4 ± 0.6 at. % C) austenite film 
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bounded by two bainitic ferrite plates (<1 at. % C) and dislocation tangles in the vicinity 

of a ferrite–austenite interface at the bottom of the volume and a carbon-enriched cluster 

at the top of the volume. The proximity histogram [32] across the bainitic ferrite-

austenite interface in Fig. 4c demonstrates that there was no significant segregation of 

either substitutional elements or carbon to the austenite–ferrite interface. The 

quantitative data also confirmed the absence of any partitioning of the substitutional 

elements between the phases involved. The results are again fully consistent with a 

displacive transformation of austenite to bainite.  

The relatively high dislocation density associated with bainitic ferrite is often attributed 

to the fact that the shape deformation accompanying the displacive transformation is 

accommodated at least partially by plastic relaxation. Then the resulting dislocation 

debris introduced into the austenite can be inherited by any bainite that forms 

subsequently [6]. Plastic relaxation may also follow in the bainite itself, since the yield 

stresses of both ferrite and austenite decrease with increasing transformation 

temperature. It is evident from the proximity histograms across the dislocations in 

bainitic ferrite, Fig. 4d, that dislocations only trap the carbon atoms, as originally 

suggested by Kalish and Cohen [33]. The lateral extent of the Cottrell atmosphere in the 

vicinity of a dislocation was estimated to be of ~5 nm. The average carbon level of the 

Cottrell atmosphere in this example was estimated to be 13.4 ± 0.8 at. % C. This value 

is higher than former experimental evidence of carbon trapped at dislocations in the 

vicinity of a ferrite/austenite interface estimated to be 7.4 ± 0.1 at.% C [28]. Pereloma et 

al. [34] found that the extent of solute segregation to a dislocation depends on its 

position relative to other defects. Carbon trapping at crystal defects was to prevent the 
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decarburization of super-saturated bainitic ferrite and therefore alters the carbide 

precipitation sequence during low-temperature bainite formation [28].  

Finally, the proximity histogram across the ~3 nm thick cluster, Fig. 4b, shows a 

maximum carbon content of ~15 at.%, higher than that associated with dislocations, but 

with chromium and manganese contents too low (less than 2 at.%) to be identified as a 

carbide. These features resemble those carbon clusters with a modulated structure 

consisting of alternating carbon-rich and carbon-poor bands reported for Fe-Ni-C 

martensite after natural aging [35,36]. Taylor et al [36] attributed the nature of the 

carbon atom clustering processes to a spinodal decomposition mechanism since the 

formation of the carbon cluster was found to occur via a continuous increase in 

composition amplitude, which is characteristic of this kind of mechanism. However, 

this fluctuation of solute concentration may be also associated with a redistribution of 

solute to dislocations in bainite [28]. Irrespective of the mechanism, as suggested by 

Taylor et al., these carbon enriched regions may be gradually replaced by carbide 

precipitates as the tempering temperature is increased [37]. 

 

 

Conclusions 

 

In many ways, NANOBAIN steel is a material going to extremes: the hardest bainitic 

steel, the finest bainitic microstructure, the lowest bainitic transformation temperature, 

the slowest transformation kinetics… However, these peculiarities have allowed us to 

solve the longest-lasting controversy in the field of physical metallurgy. The 

characterisation of NANOBAIN at the atomic scale has demonstrated for the first time 
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the carbon supersaturation of the bainitic ferrite at the earlier stage of transformation. 

Results provide strong evidence that bainite transformation is essentially displacive in 

nature so that the original bainitic ferrite retains much of the carbon content of the 

parent austenite. The iron and substitutional atoms do not diffuse during bainite 

transformation, but the partitioning of carbon into the residual austenite occurs 

immediately after formation. The bainite reaction ceases well before the austenite 

carbon content reaches the equilibrium. 
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Table Captions 

Table I. Carbon Content in Austenite and Bainitic Ferrite (at-%) 

 

Figure Captions 

Figure 1. Phase fractions and hardness of NANOBAIN obtained by isothermal 

transformation at 200 ºC. 

Figure 2. Transmission electron micrographs of (a) NANOBAIN obtained after 144 h at 

200 ºC; (b) dislocation debris close to the austenite–bainitic ferrite interface. BF is 

bainitic ferrite; and RA is retained austenite. 

Figure 3. Carbon partitioning in (a) austenite and (b) bainitic ferrite as bainite 

transformation progress at 200 ºC. 

Figure 4. (a) Carbon isoconcentration surfaces at 8 at. % C superimposed with the 

carbon atom map, and proximity histograms across (b) a carbon cluster, (c) a 

ferrite/austenite interface, and (d) a dislocation network in the vicinity of the 

ferrite/austenite interface in bainitic ferrite after transformation at 200ºC for 240 h. 



Table I. Carbon Content in Austenite and Bainitic Ferrite (at-%) 

Isothermal Heat 

Treatment 

X-Ray Analysis Atom Probe Tomography 

Austenite Bainitic Ferrite Austenite Bainitic Ferrite 

200 ºC – 48 h 4.47 ± 0.44 3.01 ± 0.30 5.30 ± 2.84 † 1.41 ± 1.58 † 

1.31 ± 0.41 

(1.36 ± 0.07) †† 

200 ºC – 96 h 5.58 ± 0.44 2.48 ± 0.30 7.25 ± 3.77 0.50 ± 0.96 

1.07 ± 0.42 

1.03 ± 1.32 

0.89 ± 1.36 

1.10 ± 1.26 

(0.92 ± 0.25††) 

200 ºC – 144 h 6.60 ± 0.44 2.92 ± 0.30 5.39 ± 0.18 

5.14 ± 3.05 

0.71 ± 1.13 

0.64 ± 0.53 

0.99 ± 0.75 

(0.78 ± 0.18††) 

200 ºC – 240 h 6.69 ± 0.44 2.52 ± 0.30 --- 0.42 ± 0.88 

1.13 ± 1.46 

0.17 ± 0.54 

(0.57 ± 0.50††) 

† Error bars representing the statistical scatter in the APT composition profiles due to the number 

of ions in each slice of the selected volume of analysis. †† Values in bracket are mean values of 

the APT measurements listed inside the same cell. Their corresponding error bars are standard 

deviations of the mean value representing the dispersion of a collection of APT measurements. 

Table(s)



Figure(s)
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Figure 2
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Figure 3
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Figure 4
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