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Abstract 

Recently, valuable combinations of mechanical properties with strength of 1.9 GPa 

accompanied by very decent ductility of 19 % and toughness of 31 J, have been achieved in a set 

of nanostructured bainitic steels. However, it is necessary to elucidate the significance of various 

microstructural features responsible of that extraordinary mechanical response in more detail. 

Thus, using two steels, with different Mn, Ni and V contents, and changing the  nanostructured 

bainite isothermal transformation temperatures (200-300 ºC), has led to a plethora of subtle and 

essential microstructural variations, necessary to explain how the mechanical response of 

nanostructured bainite is attained.  
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1. Introduction 

The valuable combination of strength and ductility properties in nanostructured bainitic steels, 

has awaken the interest of different industrial sectors and nowadays they are under development 

in various markets1-9. The dominant phase in this group of high strength steels is bainitic ferrite 

with typical plate morphology of just a few tens of nanometer thickness intimately interweaved 

with thin films of high carbon retained austenite. The mechanism by which bainite forms is 

displacive and diffusionless adding more unique features to the microstructure such as high 

dislocation density, nano twins, heterogeneous C distribution in austenite and etc. 10, 11 .  

Toughness in this type of microstructure is mainly controlled by high carbon retained austenite, 

which has been clarified before by Avishan et.al during their primary investigations on different 

variations of nano bainite with similar chemical compositions to those presented in this study 12. 

Moreover, when explaining the strength of the low temperature bainite, it must be turned to the 

hardest phase in the microstructure, i.e. bainitic ferrite. Without doubt, the reported high strength 

levels are related to both volume fraction and scale of the bainitic ferrite and also the dislocation 

density introduced during the transformation process 13, 14. Other factors such as the C trapped in 

dislocations and twins or the amount of C that remains in solid solution must also play a 

decisive role in the strength of nanostructured bainite. However, the role of high carbon retained 

austenite in strength properties cannot be ignored. It is well known that the TRIP effect 

(transformation induced plasticity) is a very important factor enhancing the ultimate tensile 

strength and uniform elongation simultaneously in steels containing high carbon retained 

austenite within their microstructure at room temperature, e.g. nanostructured bainite. During 

the plastic deformation of such microstructure, retained austenite changes to martensite from 

nucleation sites created by strain, TRIP effect, beside those potential sites for nucleation of 

athermal martensite 15. Thus, replacing the ductile austenite with hard martensite can further 

increase the strength level. In addition, the plastic deformation accompanying the displacive 
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martensitic transformation generates a high dislocation density which in turn increases the work 

hardening rate 16. Thus TRIP effect can influence the mechanical properties by affecting the 

work hardening and delaying the necking during straining the sample 17-20. This is the point 

where the mechanical stability of retained austenite must be considered. Avishan et.al studied 

the various important factors affecting the austenite mechanical stability in nanostructured 

bainite obtained at 200 °C in another study and results have been published elsewhere 21. They 

showed that this criterion plays a crucial role in controlling the TRIP effect.  

 However, very detailed microstructural characterizations are mandatory to elucidate the 

strength - ductility combination and to recognize the controlling parameters, which is the case in 

the present study. There are quite a few numbers of identified factors that play a conclusive role, 

such as chemical composition, primary austenite grain size and morphology and distribution of 

microstructural constituents 5, 22-30. This article aims to investigate and characterize some of the 

most exceptional and unique microstructural features obtained in two nanostructured bainitic 

steels with different amounts of Ni, Mn and V to study how they contribute to respective final 

mechanical response in more detail.  

 

2. Experimental methods 

Primary ingots were cast in an induction furnace under inert Ar atmosphere. Steels were electro 

slag remelted and then homogenized at 1200 °C for 2 h, and then hot rolled at a temperature of 

about 950 °C in several passes to sheets of 15 mm thickness with chemical composition of given 

in Table 1. The chemical compositions were designed based solely on bainitic phase 

transformation theory 11 and assisted by MUCG83™, a suite of software for modeling of the 

thermodynamics and kinetics of solid – state transformations in steels 31. A recent review on the 

steps followed to design such type of alloys is given elsewhere 32-35. Suffice to note that, the 
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amount of Mn and Ni significantly varies in two alloys, as they were designed to have almost 

identical TTT and Tₒ diagrams 10, 11. Besides, small quantities of V were also added in steel 2 to 

restrict prior austenite grain size growth during the austenitizing heat treatment by pinning the 

grain boundaries with V(CN). Note that, Si addition in such quantities is enough to ensure the 

absence of cementite within the microstructure 11. 

Table 1- Chemical composition of cast alloys (wt.%). 

alloy C Si Mn Ni Mo Cr V Co Al 

Steel 1 0.91 1.58 1.98 0.06 0.25 1.12 0 1.37 0.53 

Steel 2 0.90 1.51 0.94 2.61 0.25 1.14 0.09 1.37 0.59 

 

Pieces of both alloys were austenitized at 900 °C for 30 min in salt bath furnaces (after Ac3≈845 

°C, determined using high resolution dilatometer). Immediately after, samples were transferred 

to another salt baths at 300, 250 and 200 °C and held isothermally until the bainitic 

transformation completed. The time needed to complete the transformation at above 

temperatures ranged from about 10 h at 300 °C to 3 days at 200 °C. Note that all the chosen 

temperatures were above the experimentally determined Ms temperature of 114°C.  

Primary austenite grain size at the austenitizing temperature was determined using thermal 

etching method as described previously  36, 37. Detailed microstructural characterizations were 

carried out using a Hitachi S- 4800™ field emission gun scanning electron microscope (FEG- 

SEM), operating at 7 kV, after grinding, polishing and etching the samples with 2% nital etching 

solution following the standard procedure. High magnification FEG- SEM micrographs were 

evaluated to determine the size of the bainitic plates, austenite films and austenite blocks using 

the line intercept method 33, 38. TEM studies were conducted to perform a precise microstructural 

evaluation where specimens were sliced from 3 mm diameter rods of heat treated material, 

mechanically thinned to 0.06 mm and then twin – jet electro polished to perforation using a 
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mixture of 5% perchloric acid, 25% glycerol and 70% ethanol at -6 °C and 45 V. samples were 

studied on a TEM JEOL 2100™ transmission electron microscope operating at 200 kV. 

Quantitative X- ray diffraction analysis was used to determine the volume fraction of retained 

austenite (Vγ) and its carbon content (Cγ). For this aim, samples were machined; ground and 

finally polished using 1 µm diamond paste, then subjected to several cycles of etching and 

polishing to obtain an undeformed surface and were finally polished in colloidal silica. They 

were then step scanned in a Brucker – Axs D8 X- ray diffractometer using unfiltered Co Kα 

radiation. The scanning speed (2θ) was less than 0.3 degree/min and machine was operated at 40 

kV and 30 mA. The volume fraction of retained austenite was calculated from the integrated 

intensities of (111), (200), (220), and (311) austenite peaks and those of (110), (200), and (211) 

peaks of ferrite. Using this number of peaks avoids possible bias due to crystallographic texture 

39. Accurate austenite lattice parameter and its chemical composition were determined by means 

of Rietveld method 40 and Dyson and Holmes ´s equation 41, respectively. X- ray data were also 

analyzed for non – uniform strains (ε), i.e. peak profile broadening, which is directly related to 

the dislocation density 42, 43. Highlight that in bainitic transformation, nucleation takes place 

under paraequilibrium conditions (only C diffuses) and its growth is diffusionless. When using 

the lattice parameter to work out the C concentration, the concentration ratios of all elements 

except C should be equal in the bulk material as in the retained austenite (), i.e. (xFe/xj)bulk = 

(xFe/xj), where j denotes any substitutional element in the alloy, and xFe and xj are the 

concentrations of Fe and the substitutional elements, respectively 26. 

Flat tensile samples with 9.8 mm gage lengths were cut and machined from primary sheets 

according to JIS Z2201 standard and all were heat treated as described before. Tensile tests were 

performed using a Micro Test EM2/100/FR™ T3053 series test instrument fitted with a 100 kN 

load cell. All experiments were assisted by an extensometer fitted to electronic equipment that 
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allowed the continuous tracking of load – displacement data during the tests. At least three 

specimens were used for each tensile test to ensure the reproducibility. Charpy impact tests were 

conducted at room temperature using notched samples with 10 × 10 × 55 mm3 dimensions and 

reported values are average of at least 4 measurements. Finally, all the necessary thermodynamic 

calculations were performed by means of MTDATA™ ,with the NPL-plus database for steels 44 

, in order to calculate the chemical free energy change for the transformation of austenite to 

ferrite of the same composition and corresponding Md temperatures based on the method 

described before by Sherif et al 45. Note that, these calculations must use the chemical 

composition of retained austenite calculated as already described.  

 

3. Results and discussions  

3. 1. Detailed microstructural characterization 

As anticipated, the microstructure is dual in phase, in the sense that bainitic ferrite and high 

carbon retained austenite are the only constituents and the magnitude of the latter decreases at 

lower transformation temperature; see the X – ray profile analyses in Fig. 1 and the 

corresponding experimental quantitative data in Table 2. Fig. 2 illustrates the microstructural 

characteristics at different transformation temperatures, where increasing the volume fraction of 

the retained austenite, darker phase, is very evident when the transformation temperature 

increases from 250 to 300 °C. It is clear from Table 2 and Figure 2 that those differences are 

more subtle when comparing the 200 and 250 ºC microstructures. 

Detailed comparison of (111) and (200) austenite diffraction peaks of each profile reveals that 

not only the peaks gain an intensity with increasing the transformation temperature, but also 

they shift towards smaller 2θ values. It means that the volume fraction of the retained austenite, 
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its lattice parameter and the C in solid solution increases with enhancing the transformation 

temperature. These results can be misleading, as this trend is not that expected from the theory 

where the Tₒ diagram predicts an enrichment of the austenite with C as the transformation 

temperature decreases. However, this can be explained keeping in mind that the dislocations and 

twins introduced during the plastic relaxation accompanying the bainitic transformation, are 

capable of trapping C atoms and therefore preventing the decarburization of super-saturated 

bainitic ferrite 10, 46-51 where the density of such microstructural defects increases as the 

transformation temperature decreases 46, 52, 53. Selected TEM micrographs are presented in Fig. 3 

depicting not only the scale of the microstructure but also the intense dislocation debris evident 

in both bainitic ferrite and high carbon retained austenite which has been also shown by the 

authors before for the same steels 54. Moreover, Fig. 4 shows an example of the accommodation 

twins in austenite, presence of which has been discussed before by Caballero et.al 46. Table 2 

gathers the estimation of the dislocation density after X – ray profile analysis in terms of the 

peak broadening and corresponding microstrain associated with dislocations formation during 

bainitic transformation. As expected, the dislocation density increases as the transformation 

temperature decreases and all are well above those measured for more conventional bainite and 

allotriomorphic ferrite 55. Again, differences are more evident when increasing the 

transformation temperature from 250 to 300ºC, and more subtle from 200 to 250ºC. In general 

terms, the results presented here are analogous to those measured in similar alloys 50, 51. 

Back to Fig. 1, it is also very distinguishable that the peaks are broadened when the 

transformation temperature decreases. The source of the broadening is a conjunction of mainly 

two sources. First the nano – sized retained austenite particles and the second the local lattice 

strain, again effect of both increases as the transformation temperature decreases. However, 

there is another factor making austenite reflection peaks more broadened which is the variations 

of the C concentration in the volume sampled by the X- ray beam, a feature inherent to the 
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bainitic transformation. This broadening is asymmetric and although affects all peaks of 

austenite, it increases with diffraction angle, see for example (220) and (311) peaks of austenite. 

Thin films and blocks are two essential morphologies of austenite in silicon reach bainitic steels 

each contains different quantities of C in solid solution. The C enrichment is greatest in the 

vicinity of the bainitic plates, with distant austenite affected little, thus giving rise to the 

broadening due to the different austenite lattice parameters 52, 56. That turns into austenite films 

entrapped between neighbor plates of bainitic ferrite having higher carbon content than the 

austenite blocks bound by crystallographic variants of bainite, sheaves, and exhibiting polygonal 

shape in two dimensional sections 57. Examples of both types of morphologies are identified in 

Fig. 2 and Fig. 3. There are experimental evidences clearly indicating that in certain austenite 

regions the measured C concentration exceeds the value corresponding to Tₒ diagram which is 

the theoretical limit reached once the bainitic transformation is completed 32. Although such 

austenite can no longer transform to bainite but it can continue to accumulate C from suitable 

sources. Such circumstances arise naturally during bainite reaction when a region of austenite, 

which has been affected by the dumping of carbon from an extant bainite plate, becomes 

isolated by the formation of new super-saturated bainite plates in its close proximity. The 

subsequent partitioning of C from these initially super-saturated bounding plates can raise the C 

content of the entrapped austenite film to any level ranging between the Tₒ and the Ae3 value 32.  

Table 2 - Quantitative characterization data for the microstructures after isothermal treatment at 

different temperatures where Vαb, Vγf and Vγb represent the volume fraction of bainitic ferrite, 

and retained austenite films and blocks, respectively. Cγ is the austenite carbon content and ργ 

and ρα are the dislocation densities in austenite and bainitic ferrite. 

 
200 °C 250 °C 300 °C 

Steel 1 Steel 2 Steel 1 Steel 2 Steel 1 Steel 2 

Vαb 58±3 67±3 57±3 63±3 46±3 56±3 

Cγ (wt%) 1.01±0.1 1.07±0.1 1.29±0.1 1.35±0.1 1.26±0.1 1.45±0.1 

ργ (m-2) 6.88×1015 8.98×1015 6.85×1015 7.85×1015 3.49×1015 5.02×1015 

ρα (m-2) 1.13×1016 1.13×1016 9.52×1015 9.52×1015 7.3×1015 7.29×1015 

Vγf 9±0.4 10±0.4 8±0.4 9±0.4 7±0.4 9±0.4 

Vγb 33±3 23±3 35±3 28±3 47±3 35±3 
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Another interesting fact is that there is an enhancement of thin film morphology as opposed to 

blocky austenite with decreasing the transformation temperature. The estimation of the volume 

fraction of each morphology can be done based on the proposal that filmy austenite consists of 

almost 15% of a bainite sheaf according to Bhadeshia and Edmonds 13. Such results are 

presented in Table 2, where it is clear that the highest volume fraction of thin films of retained 

austenite can be reached below 300 ºC. The small differences between the 200 and the 250 ºC, 

are in accordance with those detected in Vαb. 

Even though both steels were designed to have the same fraction of bainitic ferrite at a given 

temperature, i.e. same Tₒ curve, results show that steel 2 contains more bainitic ferrite. It has 

been shown that under appropriate circumstances a reduction of the prior austenite grain size can 

increase the volume fraction of bainitic ferrite 38 which is the case of steel 2 in this study. 

Results indicate that the size of the primary austenite grains decreased from 37±1 μm in steel 1 

to 20±2 μm in steel 2 because of the pinning of the grain boundaries by V(CN). 

Extensive TEM observations, Fig. 3, showed that the microstructures are essentially carbide free 

as expected from addition of 1.5 wt% Si. Also it has been revealed that there is a well – known 

rational Kurdjumov – Sachs (K – S) orientation relationship with {111} γ // {110} α and ˂110˃ 

γ // ˂111˃ α between bainitic ferrite and parent austenite which has been also confirmed before 

10, 11, 58. The same micrographs offer a more accurate idea of the scale of the microstructure 

dealing with. Corresponding measurements, Table 3, showed that the low transformation 

temperatures result in nano scaled bainitic ferrite with apparent thicknesses ranging from 39 – 

70 and 35 – 67 nm for steel 1 and steel 2, respectively. Decreasing the transformation 

temperature increases the dislocation density after yielding the austenite which is found to be the 

major reason in combination with the higher strength of the austenite refining the bainitic ferrite 

plates 59, 60. Therefore, it is not strange that when strong solid solution hardeners are present in 

the austenite, the bainite growth results in even finer plates. In this sense, elements such as C, Si, 
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Mn, and Ni are known for strength capacity in solid solution 61, 62. The thickness of the bainitic 

ferrite plates must also be influenced by impingement between adjacent plates. So far a more 

volume fraction of bainitic ferrite due to the higher nucleation rate and smaller prior austenite 

grain size, should correspond to a finer microstructure 38, 63 and this is the case when comparing 

steel 1 and steel 2 in this study. Fig. 5 illustrates the apparent plate thickness distribution at all 

transformation temperatures for both steels. The lack of "thick plates" tale in such distribution, 

for example at 200 °C after 3 days, can be interpreted as an indirect evidence that the strength of 

austenite is the main source of resistance to interface motion. Or otherwise the first plates in 

appearing, usually within a few hours, would have thickened during the remainder of such heat 

treatment. Thin films of retained austenite also exhibit a nano scale, 38 – 62 and 30 – 45 nm in 

each steels respectively, with almost similar distribution in Fig. 6, because they are plastically 

constrained by surrounding plates of bainitic ferrites. 

Table 3- Quantitative data on the scale of the microstructure attained after different heat 

treatment conditions, where t stands for the apparent plate thickness (nm) of the indicated phases 

and morphologies. 

 
200 °C 250 °C 300 °C 

Steel 1 Steel 2 Steel 1 Steel 2 Steel 1 Steel 2 

tαb 39±2 35±1 50±2 53±2 70±3 67±2 

tγf 38±2 30±1 44±2 42±1 62±3 45±1 

tγb 808±22 598±23 1005±31 807±25 1644±63 1126±117 

 

Referring to Fig. 7 and the corresponding analytic data in Table 3 regarding the austenite block 

sizes, there are some noticeable differences. Austenite blocks in steel 2 are significantly more 

refined and have a narrower distribution comparing to that of steel 1, being coherent with a 

higher volume fraction of bainitic ferrite. Additionally, the smaller prior austenite grains in steel 

2 would also contribute to have a smaller austenite blocks, where almost 26, 20 and 31% of size 

reduction has been detected at 200, 250 and 300 °C in this case, respectively. 



11 

 

There are some other microstructural features that although they are not characterized in this 

study, but they are relevant for future discussion of the mechanical properties of these 

microstructures. For instance, results indicated that the C concentration in bainitic ferrite was 

much higher than that expected from paraequilibrium thermodynamics between austenite and 

ferrite 2, 64. This super saturation was attributed to the trapping of C at dislocations in bainitic 

ferrite, as those Cottrell atmospheres47-49. But a recent finding showed that large quantities of C 

remain in solid solution in defect – free regions of the microstructure 64, 65. These results 

rationalized that low transformation heat treatment causes the ferrite unit cell to be non – cubic 

but tetragonal, with much higher C solubility, and experimental evidences is now available 

using high resolution TEM and X –  ray diffraction 66, 67. 

 

3. 2. Mechanical properties 

Fig. 8 shows the engineering stress – engineering strain curves derived from the tensile tests for 

every microstructure and the average values of 0.2% off set yield stress (YS), ultimate tensile 

stress (UTS), uniform elongation (UEL) and total elongation (TEL) are given in Table 4. The 

continuous yielding behavior is observed, similar to that of high strength dual phase steels, 

which is attributed mainly to the high dislocation density introduced during the bainitic 

transformation. There are a variety of obstacles to dislocation motion such as phase interfaces 

and thin films of retained austenite. However, many of the obstacles are not uniformly 

distributed, so obstacle free areas are still existed into which dislocations can penetrate at low 

stresses and giving rise to gradual yielding.  

According to the tensile test results in Table 4, UTS values are ranging from 1.6 to 2.2 GPa 

corresponding to the microstructures obtained at the highest and the lowest transformation 

temperatures, respectively. Such strength levels are accompanied with non – negligible ductility, 
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for example 11% of UEL for UTS of almost 2.2 GPa in steel 2. Strength is mainly controlled by 

the amount and the scale of the harder phase, bainitic ferrite in these groups of steels. In general, 

strength correlates well with the ratio of Vαb/tαb, see Fig. 9 (a). The higher the volume fraction 

of the thinner bainitic ferrite plates are, the higher the YS and UTS values will be. The Longford 

type bainitic ferrite plate contribution to strength, (tαb)
-1 68, 69, instead of the typical Hall – Petch 

(tαb)
-1/2, is used because of the grain size being well below the sub – micrometer where the 

mechanism of the yielding involves the initiation of dislocation sources in the grain boundaries. 

Other operative strengthening mechanisms contributing to the strength are the dislocation 

density, chemical composition, excess of C in solid solution, and although more difficult to 

quantify, the contribution of the Cottrell atmospheres through its effect on the mobility of 

dislocations. Qualitatively, this is evident when comparing the microstructures of steels at each 

temperature of 250 and 300 °C, where a higher fraction of hard and fine bainitic ferrite is not 

always solely analogous of higher YS. 

Table 4- Quantitative mechanical properties data derived from engineering stress – engineering 

strain curves of shown in Fig. 8 and impact test results obtained at room temperature. 

 
200 °C 250 °C 300 °C 

Steel 1 Steel 2 Steel 1 Steel 2 Steel 1 Steel 2 

YS (MPa) 1405±30 1730±40 1321±20 1283±15 1080±20 1093±25 

UTS (Mpa) 2115±30 2182±50 1818±20 1893±20 1592±20 1639±25 

UEL 8±2 11±2 11±2 16±2 22±2 29±2 

TEL (%) 8±2 14±2 14±2 19±2 27±2 32±2 

Impact energy (J) 7±3 10±3 26±2 31±2 23±2 27±2 

 

On the other hand, austenite can affect the strength properties by transforming to martensite 

during the tensile test through the TRIP effect. Thus, the introduction of new dislocations as a 

consequence of the martensitic transformation and the presence of this new strong phase 

represent two reasons for the "indirect" effect of retained austenite on increasing the strain 

hardening rate of the microstructure. 
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 Accepting the subtle differences between the 200 and 250ºC phase fractions, a very simplistic 

analysis of data in Table 2 and Table 4 would lead to the conclusion that austenite itself is 

controlling the ductility of these microstructures. For given steel, the ductility improves by 

increasing the transformation temperature and its austenite volume fraction. But the same 

reasoning does not applicable when comparing both steels at the same transformation 

temperature. For example, at 200 °C, steel 1 does not exhibit better, but lower, ductility despite 

of its 10% more austenite within the microstructure comparing to steel 2. Somehow, the 

mechanical stability of retained austenite and its ability to transform to martensite by TRIP 

effect should be considered as well. Attending purely to the strong effect that C has on 

enhancing the mechanical stability of retained austenite, a kind of stability factor can be defined 

as Cγ × Vγ. According to Fig. 9 (b), it is clarified that the more stable the austenite is, the better 

the ductility behavior will be. But the dispersion found in some of the results clearly indicates 

that the problem is far more complex.  

TRIP effect is known to take place between the Ms and Md temperatures of the retained 

austenite. The mechanical stability increases by increasing the testing temperature above Ms and 

it becomes completely stable at temperatures more than Md. In other words, lower Md 

temperature equals to mechanically more stable austenite in the case of testing at room 

temperature. From a pure chemical composition point of view, the Md temperature is strongly 

controlled by C, N, Ni, Mn, Cr, Si, Mo and Al, in decreasing order of importance 45, 49, 70, 71. In 

our case, the Md temperatures of steel 2 at 200, 250 and 300 °C, are 387, 277 and 307 °C which 

are all lower than that of steel 1, 437, 357 and 357 °C, at each transformation temperature, 

respectively. 

It is also well reported that the reduction of the size of the retained austenite is a critical 

stabilization factor and the smaller grain sizes makes it more stable 67, 72. It has been suggested 

that the grain size of the retained austenite should be in the range of 0.01 to 1 μm to ensure an 
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effective TRIP effect 73 where the smaller particles are too stable to undergo the strain – induced 

transformation. The reasons lying beneath are several. First, constrains exerted by the 

surrounding plates of bainitic ferrites may even halt the martensitic transformation. Second, the 

smaller retained austenite films contain lower potential nucleation sites for the formation of 

martensite therefore requiring higher driving force for the transformation 74, 75. Finally, smaller 

grains are supper saturated in C. In a similar manner, given that austenite to martensite 

transformation involves the coordinated movement of atoms, the motion of glissile interfaces 

becomes impossible when the defect density is high enough, meaning that dislocations present 

in the microstructure together with those introduced by the TRIP effect, provokes a hardening of 

the surrounding matrix. This makes it more resistant to deformation and further transformation 

may be impossible as the volume increase can no longer be accommodated by deformation. 

Hence, the strength of the retained austenite and the matrix are also playing an important role. 

There is still another mechanism by which the matrix can affect the stability of the retained 

austenite known as stress shielding which is  based on the assumption that bainitic ferrite in this 

microstructure is significantly harder than retained austenite and in such a composite 

microstructure, austenite experiences less stresses 76, 77. In this sense, in situ neutron diffraction 

analysis during the tensile test at room temperature has confirmed that the contribution of the 

nanostructured bainitic ferrite obtained by transformation at 200 °C to the microstructure's 

ductility is almost null as it hardly deforms. What is more, such strong matrix forces the retained 

austenite to cope with most of the plastic deformation leading to premature and ineffective TRIP 

effect. On the other hand, if the microstructure is obtained at higher temperatures, 300 °C, and 

the corresponding strength difference between both phases is not so marked, the behavior in 

terms of ductility and TRIP effect is much better 78.  

Fig. 10 displays the instantaneous hardening exponent (n) behavior with the true strain for both 

steels obtained at each transformation temperature. It reflects the dynamic transformation 
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behavior of the retained austenite during straining. What is more, there is a common feature for 

all the analyzed microstructures, and it is the fact that plastic deformation is uniformly 

distributed along the gauge length of the samples, showing little necking or not at all. In other 

words, most or all of the total elongation achieved was uniform, see Table 4. Considering the 

samples transformed at 200 °C, the instantaneous exponent curve in steel 1 renders a continuous 

increase toward the instability criteria, straight line, which is never reached, which means that all 

the elongation was uniform. However, in the case of steel 2, there is a more progressive 

evolution of the same exponent up to necking after a rapid increase. This behavior differs to that 

found in other microstructures where there is sustenance of "n" value after a rapid decrease. In 

the case of the  250 and 300 °C microstructures, there is a spectacular recovery of the hardening 

exponent, more typical of some TRIP – aided steels and even TWIP steels 79.  

For the particular case of the 200 °C microstructure, interrupted tensile tests were conducted and 

samples were analyzed further in detail considering the microstructural parameters, chemical 

composition, morphology and size distribution of the constituents, the results of which were 

published elsewhere 21. It was found that, the superior ductility in steel 2, compared to that of 

steel 1, was a direct consequence of the mechanically more stable retained austenite. Results 

showed that there was almost 30% of untransformed retained austenite right before rupture in 

steel 1, which could be only explained due to the higher strength of austenite and bainitic ferrite, 

as replacing Mn by Ni, with much lower solid solution strengthening capacity in steel 2. This 

hinders the austenite to martensite transformation (TRIP effect) 57, 80. As expected, this remains 

valid for new tested microstructures obtained by transformation at 250 and 300 °C. In general, 

when comparing the same microstructures for both steels, the retained austenite in steel 1 is 

found to be poorer in C, less dislocated and bigger in size with a wider size distribution, which 

in principle should lead to a more effective TRIP effect. However, despite this and the fact that 

the volume fraction of the retained austenite is higher than that of steel 2, it can be speculated, 
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based on the "n" curves, that steel 2 has a more effective TRIP effect through the whole range of 

the plastic deformation, because of the higher mechanical stability of its austenite allowing for 

an increase in the strain hardening and consequently deterring the plastic instability or necking. 

Accordingly, it is very illustrative that up to ~ 0.025 of true strain, both steel 1 and steel 2 

treated at 250 ºC and 300 ºC behave almost identically. Afterwards, steel 2 shows not only 

higher "n" values but also a more progressive recovery of the initial "n" referring to higher UTS 

values. The fact that a higher fraction of hard and fine bainitic ferrite is not always analogous of 

higher YS is another argument supporting the idea of stabilized austenite due to a stronger 

matrix in the case of steel 1. 

Considering the toughness variations, the amount of the retained austenite within the 

microstructure should play a critical role through its crack blunting effect, the stress-relief and 

the martensite transformation ahead of the cracks 81. It has been reported that there is an 

improvement of toughness if TRIP effect of moderately stable austenite takes place at the tip of 

the crack. Although in this type of microstructures, the tendency of the newly formed martensite 

to crack might also depends on its absolute size but, if  TRIP effect takes place in more stable 

austenite (richer in C) the newly formed high carbon martensite s effect in toughness is 

detrimental 82. Additionally, the individual strength and hardness of each microstructural 

constituent influences the toughness properties, where the big mismatch might facilitate the 

stress concentration. Bainitic ferrite plays an important role during the propagation and growth 

of a crack. It is capable of arresting / deflecting the cracks in the packet and plate boundaries. 

Moreover, the ability to resist the propagation of cracks is related to size of the microstructural 

units. According to Table 4, it is clear that a higher volume fraction of retained austenite solely 

cannot guarantee an improved toughness as already suggested 12,  and its morphology must also 

be considered. Results show that the nanostructured bainite obtained at 300 °C renders lower 

impact energy comparing to that of samples austempered at 250 °C despite of its higher volume 
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fraction of retained austenite within the microstructure. Similarly, steel 2 possesses a higher 

impact energy values comparing to that of steel 1 contrary to its lower austenite content at each 

transformation temperature.  

According to the whole performed microstructural characterization, superior impact energy of 

steel 2 can be explained attending to two facts; first a matrix composed of smaller plates and 

therefore smaller packets, as it forms from smaller prior austenite grain sizes, and second, a 

milder matrix in terms of strength. In addition, retained austenite exhibits a smaller size and it is 

expected to have a smaller mismatch of properties with bainitic ferrite as compared to steel 1. 

Different sizes of the fracture facets in Fig. 11 and considerable increment in size of retained 

austenite films and blocks accompanied by an increment of the C content when increasing the 

transformation temperature, Fig. 7 and Table 3, all indicate that higher amount of bigger 

austenite blocks quickly transform to brittle martensite due to the applied strain during the 

impact test and, consequently, it cannot play an effective role in blunting the crack tip.  

 

4. Conclusions 

In this paper, different nanostructured composite like microstructures composed of bainitic 

ferrite and high carbon retained austenite, obtained by isothermal transformation at low 

temperatures (200-300 ºC) are characterized in two high C steels considering the microstructure 

and mechanical properties. High strength with reasonable ductility and impact toughness has 

been obtained, and such behavior is interpreted in terms of the results of the detailed 

characterization of the different microstructural features distinguishing this type of 

microstructures, i.e. phase fraction, chemical composition, size and distribution and dislocation 

density among others. It has been shown that the Yield and Ultimate Tensile strengths depend 

on the ratio between the volume fraction of the bainitic ferrite and its plate thickness. Ductility 
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on the other hand showed a more complex relation with the amount and mechanical stability of 

retained austenite, the latter varies with the chemical composition, size and even the strength of 

the matrix where it is embedded.  

Finally, impact toughness is found to also depend on the matrix capability to deflect cracks by 

means of small bainitic ferrite packet size and plate thicknesses.  However there is also the 

influence of the strength differences between ferrite and austenite, and the composition - size 

relationship that affect the formation of brittle martensite from retained austenite. 
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Figure captions: 

Fig. 1. XRD profile for steel 1 and steel 2 at the end of bainitic heat treatment at each 

transformation temperature. 

Fig. 2. FEG- SEM pictures of steel 1 a, c, e and steel 2 b, d, f at 200, 250 and 300 °C, at the end 

of the bainitic transformation, respectively. 

Fig. 3. TEM pictures of steel 1 a, c, e and steel 2 b, d, f at 200, 250 and 300 °C, at the end of the 

bainitic transformation, respectively. 

Fig. 4. An example of the transformation twins in blocky austenite in steel 1 at 250 °C. 

Fig. 5. Measured apparent thickness distribution of bainitic ferrite plates for both steels after 

transformation at a) 200 ºC, b) 250 ºC and c) 300 ºC 

Fig. 6. Measured apparent thickness distribution of thin films of retained austenite for both steels 

after transformation at a) 200 ºC, b) 250 ºC and c) 300 ºC. 

Fig. 7. Measured apparent size distribution of retained austenite blocks for both steels after 

transformation at a) 200 ºC, b) 250 ºC and c) 300 ºC. 

Fig. 8. Typical engineering stress- engineering strain curves attained at room temperature for 

each steels obtained at each transformation temperatures. 

Fig. 9. Variation of a) Ys and UTS with Vαb/tαb and b) elongation with stability factor.   

Fig. 10. Variation of the incremental work-hardening exponent, n, with true strain for samples 

austempered at a) 200, b) 250 and c) 300 °C, Dashed line represents the instability criterion, i.e., 

εp = n.  

Fig. 11. Fracture surfaces of impact test samples for steel 1 a and b and steel 2 c and d. a and c 

austempered at 250 °C and b and d austempered at 300 °C. 
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Table captions: 

Table 1- Chemical composition of cast alloys (wt.%). 

 

Table 2 - Quantitative characterization data for the microstructures after isothermal treatment at 

different temperatures where Vαb, Vγf and Vγb represent the volume fraction of bainitic ferrite, 

and retained austenite films and blocks, respectively. Cγ is the austenite carbon content and ργ 

and ρα are the dislocation densities in austenite and bainitic ferrite. 

 

Table 3- Quantitative data on the scale of the microstructure attained after different heat 

treatment conditions, where t stands for the apparent plate thickness (nm) of the indicated phases 

and morphologies. 

 

Table 4- Quantitative mechanical properties data derived from engineering stress – engineering 

strain curves of shown in Fig. 8 and impact test results obtained at room temperature. 
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