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Abstract. The combined effect of boron addition and ausforming on the structure of low 
carbon low alloyed steel after the transformation of austenite has been investigated in a wide 
range of cooling rates. It is shown that boron hinders formation of polygonal ferrite in 
continuous cooling regardless of austenite predeformation and suppresses appearance of 
acicular ferrite. A qualitative explanation of this effect is proposed in terms of the 
deformation induced boron segregation on boundaries of austenite grains and subgrains. 
Practical significance of the obtained results is discussed in application to the 
thermomechanical treatment of the considered steels. 
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1. Introduction 
Boron still attracts attention of metal scientists [1-10] because even very low quantities 
(~ 10 ppm) of this relatively chip element hinders formation of ferrite and hence decreases 
temperatures of austenite transformation enabling fabrication of low carbon high strength 
steels with bainitic and martensitic structures at a moderate consumption of nickel, chromium 
and molybdenum. At the same time, owing to the higher moving force of the transformation 
at lower temperatures, the resulting structure becomes less sensitive to the parent austenite 
state that can somewhat devaluate efficiency of the thermomechanical treatment (TMT). This 
inevitable effect deserves special analysis since TMT of austenite is commonly used to refine 
the transformed structure in order to keep satisfactorily high fracture toughness of high 
strength steels. Meanwhile, although the problem has been addressed in several works [3,7], 
there are still no systematic data on the combined effect of boron and ausforming on 
transformed structures and properties of steels. 

The present paper is aimed to investigate influence of microalloying by boron and 
ausforming on structures of low carbon low alloyed steel (Сr + Ni + Mo < 0.6 mass.%) 
obtained in a wide range of cooling rates. To implement various TMT and cooling conditions, 
thermomechanical simulator Gleeble 3800 (unit Pocket Jaw) has been employed. 
 
2. Materials and experimental methods 
Chemical compositions of investigated steels are represented in Table 1. Unlike steel S1 with 
an insignificant quantity of boron, its content in S2 should give an optimal effect on the 
transformed structure if this element is completely in the solid solution. To comply with the 
latter requirement, it is necessary to prevent formation of boron nitrides [11]; to this end, S2 
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contains an appropriate quantity of titanium to immobilize all nitrogen in titanium nitrides. In 
terms of other alloying elements, the two steels differ insignificantly. 
 
Table 1. Chemical compositions of the investigated steels (mass.%) 
Steel  С Mn Si Cr Ni Cu Mo Nb V Ti N B 
S1 0.066 1.22 0.17 0.22 0.25 0.24 0.10 0.030 0.095 0.003 0.006 0.0003 
S2 0.074 1.24 0.19 0.24 0.24 0.24 0.09 0.033 0.091 0.043 0.006 0.0025 

 
Plates of 160×110×40 mm dimensions cut from laboratory ingots of both steels have 

been subjected to homogenization for 4 hrs at 1200°С, the following hot rolling (four passes) 
to the final thickness of 15 mm and air cooling. The employed heating mode before rolling is 
close to industrial regimes and ensures complete dissolution of Nb and V carbonitrides in the 
considered steels. To simulate TMT on unit Pocket Jaw of experimental complex Gleeble 
3800, special specimens have been machined from the rolled plates. The following TMT 
regimes have been applied: reheating (5°С/s) to 1200°С, holding of 60 s, cooling (50°С/s) to 
850°С; holding of 5 s (or compression with strain rate 1 s-1 to true strain ε = 0.4 and holding 
of 5 s); cooling with various rates (0.3, 1, 3, 10, 30 и 100°С/s) to room temperature. 

Making use of program Thermo-Calc [12], the deformation temperature (850°С) has 
been selected to exceed by not less than 30 °С the temperature of phase paraequilibrium that 
is 820 and 816°С for steels S1 and S2, respectively. Such a selection excludes the austenite 
transformation start during ausforming; this conclusion has been eventually confirmed by 
dilatometric data recorded in terms of diameter changing in the specimen work part. Such 
data are also used to obtain the temperature dependence of the transformation degree; 1 and 
99% of the latter then have been associated with characteristic temperatures Ar3 and Ar1. 

Polished sections of specimens have been etched in reagent Nital at room temperature 
and their microstructures then have been investigated on optical microscope Axio Observer 
«Carl Zeiss» equipped with automated system Thixomet for image analysis. In addition to 
usual metallographic microstructures, this system enabled us to get average sizes of prior 
austenite grains which proved to be 60 and 54 µm for S1 and S2, respectively. Hardness 
(HV10) for each microstructure has been determined with installment Zwick/Roell by 
averaging of five measurements. 
 
2. Results 
Under consideration are the following structure components of the investigated steels: 
polygonal ferrite (PF), allotriomorphic ferrite (ALF), perlite (P), granular bainite (GB), lath 
bainite (LB) often cited as bainitic ferrite, and specific deformation-induced bainite currently 
called acicular ferrite [13]. For brevity sake, we will show results only for four cooling rates 
(0.3, 3, 10 и 30°С/s) from six that is enough to reveal the main regularities which would not 
change with allowance for the omitted data. Microstructures obtained with no ausforming 
(ε = 0) and with the true starin ε = 0.4 of austenite are shown in Fig. 1 and 2, respectively. 

Let us consider the case of ε = 0 first. Then, after the slowest cooling (0.3°С/s), the 
microstructure of steel S1 consists mainly of PF with small additions of GB and P (Fig. 1а). 
When the cooling rate increases, various types of bainitic microstructures appear 
(Fig. 1c, e, g). Note that some amounts of ferrite are saved in this steel up to the highest 
cooling rate 30 °С/s (Fig. 1g). Thus, at 3°С/s there exists a distinct fraction of PF (Fig. 1c) 
whereas at higher cooling rates some amount of ALF appears that can be revealed with an 
appropriate magnification (Fig. 1g). 

No PF is revealed in steel S2 without ausforming even at the least cooling rate (Fig. 1b) 
and only bainitic microstructures appear at all cooling rates. When comparing the same rates, 
the fraction of LB in S2 is always higher than in S1 (Fig. 1c−h). It is worth noting that after 

610 A.A. Vasilyev, D.F. Sokolov, S.F. Sokolov, A.A. Zisman, N.G. Kolbasnikov



  

the quick cooling (30°С/s) boundaries of prior austenite grains (PAGB), where bainite laths 
form (Fig. 1h), are easy to reveal on the background of LB only in steel S2; in steel S1 
imaging of PAGB after the same cooling rate becomes less reliable (Fig. 1g). This property of 
S1 is due to formation of ALF that partly consumes PAGB.  

 

  

  

  

  
Fig. 1. Microstructures of steels S1 (left) and S2 (right) obtained at ε = 0  

and cooling rates 0.3 (a,b), 3 (c,d), 10 (e,f) and 30 °С/s (g,h) 
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Fig. 2. Microstructures of steels S1 (left) and S2 (right) obtained at ε = 0.4  

and cooling rates 0.3 (a,b), 3 (c,d), 10 (e,f) and 30 °С/s (g,h) 
 

The above-considered difference between microstructures of S1 and S2 comply with 
respective dependences of temperatures Ar3 and Ar1 on cooling rates, as evident in Fig. 3a. 
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Thus, at low rates Ar3 is notably higher for S1; at rates exceeding 10 °С/s this effect weakens, 
yet the whole temperature range of S2 transformation is still situated notably lower. 
Accordingly, microstructures of S2 has higher hardness after all cooling rates, Fig. 4. 

Next, let us consider microstructures obtained with ausforming (ε = 0.4). Austenite 
transformation in S1 at the least cooling rate forms a ferritic-pearlitic microstructure where 
dimensions of PF grains are notably less than in case of ε = 0 (Fig. 1a and 2a). This 
corresponds to the known effect of accelerated ferrite formation in transformation of the 
deformed austenite. When the cooling rate grows, AF gradually appears and its fraction 
becomes very distinct at 10 и 30 °С/s (Fig. 2e, g). Unlike steel S1, bainitic constituents 
predominates in S2 even at the least cooling rate where only minor fractions of P and small 
PF grains can be found, Fig. 2b. At higher rates there is no PF. Another important distinction 
of S2 is an almost complete absence of AF; at all cooling rates higher than 3 °С/s mostly GB 
is formed (Fig. 2d, f, h). 

As evident in Fig. 3b, the transformation of deformed austenite in S2 takes place in 
notably lower temperatures than in S1. At all cooling rates, except for 10 °С/с, the 
corresponding difference in hardness proves to be much higher than in case of ε = 0, Fig. 4. 

 

 
a) 

 
b) 

Fig. 3. Dependences of temperatures Ar3 and Ar1 on cooling rate of steels S1and S2 with 
undeformed (a) and deformed (b) austenite 

 

 
Fig. 4. Dependences of hardness (HV10) of obtained structures on cooling rate for steels S1  

and S2 at ε = 0; 0.4 
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3. Discussion 
To sum up obtained experimental results, microalloying by boron provides a notable effect on 
microstructures formed in a wide range of cooling rates (5 to 30°С/s) of predeformed 
austenite. Specifically, morphologically similar microstructures with the most GB fraction 
and gradually changing hardness are observed. In other words, the combined effect of boron 
and ausforming is hopefully a means to enable the through-thickness hardenability of large 
semiproducts of high strength steels that would be of great practical significance. To evaluate 
the above-mentioned perspectives, however, mechanical properties of the considered 
microstructures, particularly ductility and fracture toughness, should be properly investigated. 
Indeed, unlike conventional chemical compositions where TMT of γ–phase at appropriately 
low temperatures notably refines structures of the eventual α–phase, boron microalloying 
suppresses this effect and hence necessitates alternative approaches to the structure 
refinement. For instance, this may be achieved in the rough (higher temperature) stages of hot 
rolling by the repeated static recrystallization of austenite in pauses between successive 
deformations [14]. 

Apart from the known effect of boron on the transformation of undeformed austenite 
(predominance of shear modes, i.e. suppression of PF and ALF), the obtained results indicate 
specific regularities of boron influence in case of previous ausforming as follows. It has been 
shown first that boron hinders formation of ferrite even after significant predeformation of 
austenite. Moreover, despite the latter, boron suppresses formation of AF at in-grain features 
of deformation substructure; this effect is particularly notable as far as AF is a kind of bainite, 
i.e. a product of shear transformation [13]. 

In order to analyze the underlying mechanisms in a more formal way, it is expedient to 
consider diffusion of boron in austenite before its deformation. According to [15], atoms of 
this element in γ–phase of steel can occupy both substitution and interstitial positions and, 
hence, the two respective modes of diffusivity can take place. Corresponding estimates 
[16,17] show that the average diffusion path of boron during 7 s of cooling from 1200°С to 
850°С (deformation temperature) is 20 or 50 µm in case of substitution or interstitial 
diffusivity, respectively. With the PAG size of about 54 µm, this means that boron atoms 
always have enough time to segregate at PAGB and at their surroundings [18] before the 
deformation followed by cooling. Such estimates also comply with a usual boron effect 
(suppression of all ferrite types) in the transformation of undeformed austenite. 

To understand disappearance of PF and ALF owing to the boron addition, let us 
consider first accelerated formation of such phases at PAGB of deformed austenite in boron-
free steels [19,20]. This effect is due to hydrostatic tensile stresses [22] generated by defects 
induced by deformation at some PAGB junctions. These stresses compensate compressive 
stresses, arising in constraint of nascent phase (ferrite) with a higher specific volume, and 
hence increase a driving force of the transformation. On the other hand, in steel S2 the 
deformation-induced elastic fields result in diffusion of boron atoms to such junctions and 
thus reduce the previously mentioned deformation effect. When compared to the 
substitutional mechanism assisted by vacancies, diffusion of boron interstitials, producing 
strong elastic distortions of austenite lattice [23], is certainly more efficient from the 
considered viewpoint. However, both mechanisms are kinetically possible since the related 
diffusion paths are long enough. Thus, for example, during the cooling from 850 to 775°С at 
cooling rate of 1°С/s (Fig. 3b) these paths are 15 and 50 µm for the boron substitutions and 
interstitials, respectively. 

Suppression of AF that is a deformation-induced kind of bainite is the least expected 
effect of boron revealed in the present study. According to the conventional viewpoint, the 
dislocation substructure of austenite hinders the growth of bainitic embryos and thus results in 
a complicated mixture of small transformed crystals. However, this work provides some 

614 A.A. Vasilyev, D.F. Sokolov, S.F. Sokolov, A.A. Zisman, N.G. Kolbasnikov



  

evidence for the boron effect on the displacive rearrangement of atoms in the bainite 
nucleation. Indeed, facilitated penetration of transformed crystals through the substructure of 
austenite, i.e. no AF suggests a higher driving force (overcooling) at the transformation start. 
Further investigations are needful to clear up this issue. In any case, the above-mentioned 
diffusion paths of boron are sufficient to form segregation of this element in austenite at 
PAGB or their surroundings and, moreover, at dislocation boundaries. Besides, formation of 
the latter and hence of the austenite substructure, responsible for AF, can be somewhat 
retarded owing to the boron atmospheres at dislocations. 

 
4. Conclusions 
It is shown that microalloying of low carbon steel by boron suppresses formation of PF in 
continuous cooling regardless of the austenite predeformation. Besides, what is rather 
surprising, boron also prevents formation of AF. Consequently, the transformation of 
austenite in a wide range of cooling rates produces in boron-microalloyed steel uniform 
morphologically similar microstructures with the predominant fraction of GB and high 
hardness. At the same time, these results necessitate certain reconsideration of TMT 
technologies. Unlike conventional chemical compositions, where TMT leads to notable 
refinement of the transformed structure, this favorable effect is essentially reduced by boron. 
Thus, to keep high fracture toughness of steel in this case, other approaches to the structure 
refinement should be employed. In particular, a possible means is to make use of repeated 
static recrystallization of austenite in pauses between successive deformations in the 
fractional hot rolling. 
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