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“BAINITIC REFINEMENT” OF MACHINE STEELS 

MICROALLOYED WITH VANADIUM AND NITROGEN

L. M. Panfi lova and L. A. Smirnov UDC 669.14.018:298.3

The effect of microalloying additions of N, V, Ti, Al, and Nb on structure formation and properties of 

medium-carbon steels alloyed mainly with chromium (30Kh2AF–40Kh2FABT type) is considered. Steel 

microalloying makes it possible to provide marked austenite structure refi nement due to grain growth lim-

itation by (Ti, V)N particles, retardation of austenite recrystallization and grain growth during stamping by 

Nb(C, N) particles (and Nb in solid solution), which leads to the formation of a fi ne fi nal steel structure, as 

a result of which there is improvement of both strength properties and impact strength. Steel of the class in 

question may be produced by economic controlled stamping technology with cooling from rolling heating 

and subsequent tempering instead of heat treatment with quenching and separate heating and tempering. 

As a result, a unique set of properties is achieved: mechanical properties, brittle failure resistance, corro-

sion resistance, seismic resistance, fi re resistance of long rolled product, building structure components, 

engineering components, oil recovery equipment, etc.
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 It is well known that structural steels intended for manufacturing highly loaded machine building components and 

structures (shafts, stems, and rod for universal units for deep oil recovery) acquire the most favorable properties as a result of 

thermal improvement: quenching followed by high-temperature tempering. However, work in recent years [1–6] has shown that 

in steels alloyed with V, N, Nb, Al, and Ti with the addition of nitrogen the best set of mechanical properties, resistance to brit-

tle and fatigue failure are provided with preparation of an ultrafi ne bainitic structure strengthened with nanosize nitride phase. 

A good set of properties may be achieved immediately after rolling heating or controlled stamping. During cooling, it is nec-

essary to maintain the bainitic transformation temperature (similarly this is accomplished during tempering). This treatment is 

called “bainitic refi ning.” In the case of excluding heat treatment, it is possible to avoid the danger of forming quenching cracks 

and to reduce distortion to a minimum. With this, there is no requirement for using oil during quenching, operating expenditure 

is reduced, and the possibility develops of intensifying production, with the state of the environment improved [1–6].

 Results are given in this article for a systematic study of the properties of medium-carbon chrom ium steel with a 

varied alloying element content (N, V, Ti, Al, Nb). Steel was melted in electric furnaces under metallurgical production con-

ditions. Steel chemical compositions are given in Table 1.

 In order to obtain in steel a nitrogen content of 0.02–0.04%, liquid metal was blown with nitrogen through the porous 

bottom of the ladle, or ferroalloys were added, which were nitrided by sintering prescribed components by self-propagating 

high-temperature synthesis [7, 8]. Simultaneous introduction, apart from nitride-forming elements, of alkaline-earth elements 

(Ca, Ba, Sr) in the form of composite nitrided alloy facilitates the formation of compounds readily removed from steel in re-

fi ning with harmful admixtures and globularization of inclusions.

 The dependence of average austenite grain size on hot deformation temperature is shown in Fig. 1. An increase in 

volume fraction of phases that are diffi cult to dissolve, i.e., complex carbide (Nb, Ti, V)C, in the structure of steel 40Kh2FBT 
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compared with steel 40Kh2AFB leads to an increase in temperature for the start of rapid austenite grain growth to 1000°C. 

Maintenance of a high degree of carbonitride (V, Nb)CN particle fi neness at a high heating temperature makes it possible to 

obtain a stable austenite grain size in steel 40Kh2AFB on heating to 1050°C.

 For steels alloyed with titanium (or niobium, or aluminum) in addition to vanadium, not only is an increase in intense 

grain growth observed, but it is additionally refi ned as a result of precipitation within austenite of fi ne complex carbonitrides. 

Austenite grain refi nement to 3–4 μm, governing the crystal structure of lower bainite (Fig. 2) with a high dislocation density 

(6·1014 cm−2) with densely located nanosize (10–20 nm) nitride phase V(0.2N0.8) (Fig. 3), provides the best combination of 

strength and ductility properties (Fig. 4) compared with the properties of steels alloyed solely with vanadium, or not contain-

ing it. Steel of grade 28KhGN3AFT is distinguished by the greatest brittle failure resistance; its cold brittleness threshold is 

below −80°C (see Fig. 4).

 In medium-carbon chromium steels microalloyed with nitrogen (0.02–0.04%), vanadium (0.10–0.15%), titanium 

(0.01–0.02%), and niobium (0.02–0.04%), with an increase in cooling rate after rolling the region for phase precipitation 

shifts to lower temperature, and this leads to an increase in fi neness and more effective strengthening [9]. A controlled cooling 

rate after the end of rolling at 950°C for long (up to 9 m) high-precision rolled product of steel 28KhGN3AFT microalloyed 

TABLE 1. Test Steel Chemical Composition,* wt.%

Steel C Cr Mn Si Ni Mo (Ti) N V Nb Al

30Kh2AF 0.33 2.20 0.22 0.26 0.21 – 0.027 0.14 – 0.03

30Kh3NMAFB** 0.30 2.52 0.45 0.18 0.71 0.25 0.040 0.12 0.04 –

28KhGN3AFT** 0.25 0.8 1.0 0.30 2.5 (0.02) 0.040 0.12 – –

28KhGN2AFB** 0.25 1.0 1.1 0.30 2.0 – 0.02 0.12 0.03 –

40Kh2FAB 0.40 2.50 0.30 0.28 0.2 – 0.03 0.12 0.03 –

40Kh2FABT 0.40 2.50 0.30 0.20 0.2 (0.03) 0.03 – 0.03 –

40Kh5MAFB** 0.40 4.90 0.20 0.28 – 0.25 0.03 0.15 0.03 0.02

* All steels contained 0.025% S and 0.017% P. ** Steel contained 0.005–0.01% Ca and 0.004–0.005% Ba.

Fig. 1. Effect of heating on average austenite grain diameter (Dγ) in chromium 

microalloyed steels.
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with vanadium and titanium makes it possible to obtain the required level of properties without special heat treatment (see 

Fig. 4). The level of properties is determined both by dispersion hardening as a result of precipitation of V(CN) particles in 

ferrite plates of lower bainite, enriched with nitrogen, grain boundary stability due to addition of titanium and aluminum, and 

also the fi neness of the structure pearlitic component. The fi ne grain size of austenite (4 μm) is determined by securing grain 

boundaries with (Ti, V)N particles during heating before hot deformation and retardation by Nb(CN) particles of recrystalli-

zation processes.

 Testing of steel 30Kh3NMAFB, microalloyed with vanadium, nitrogen, and niobium as a material for critical com-

ponents (connecting rods, crankshafts) of heavy-duty automobiles has shown that its mechanical properties after controlled 

stamping (A is air cooling) are almost identical to the properties after thermal improvement (B is oil quenching from 950°C; 

then in both cases tempering at 650°C):

Regime σy, MPа σu, MPа δ, % ψ, % KCU, J/cm2

А 910/850* 1030/980 14.0/15.8 58/63 100/150

B 930/910 1030/1040 16.0/17.2 60/64 105/121
*  Values for heat treated specimens are given in the numerator, and for specimens cut from components (connecting rods, crankshafts) are given in the 

denominator.

 In this steel, austenite grain size is almost unchanged at temperatures from 950 to 1100°C (Fig. 5a); for comparison, 

the dependence is given for the austenite grain size in steel alloyed solely with vanadium (Fig. 5b). After hot deformation, 

there is formation of an unrecrystallized austenite structure with typical serrated grain boundaries. In the fi rst stages of hot 

deformation (up to 1000°C), there is primary recrystallization and formation of fi ne equiaxed grains. During subsequent de-

formation, very fi ne carbonitride Nb(CN) and complex carbonitride (Nb0.25V0.75(С,N)) are arranged over austenite grain 

boundaries and retard growth. Niobium, being in solid solution, also slows down the occurrence of recrystallization.

Fig. 2. Microstructure of steel 30Kh2AF in hot-rolled condition.

Fig. 3. Electron image of steel 40Kh2AFB structure (replica), ×70000×3.
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 During air cooling after controlled stamping (ending at 950°C), there is formation in components of a favorable fi ne 

lower bainite structure with delay at the bainite transformation temperature, determining the set of good and optimum prop-

erties without performing additional heat treatment. During tempering, there is dispersion hardening as a result of precipita-

tion of V(CN) vanadium carbonitride and complex fi nely dispersed carbonitride (V0.9N0.1)C.

 During fatigue tests with plotting of Weller curves [10], steel showed good and identical values of fatigue limit both 

in a thermally improved condition and after stamping with tempering.

 Studies of steel 28KhGN2AFB showed that microalloying with nitrogen, vanadium, and niobium together with 

modifi cation by calcium and barium facilitates the achievement of a prescribed set of properties for long high-precision rolled 

product after cooling from rolling heating. Properties are provided by creation of a fi nely dispersed bainitic structure, refi ne-

ment and modifi cation of grain boundaries, dispersion hardening, and a reduction in the fi neness of nonmetallic inclusions. 

It should be noted that combined microalloying also led to improvement of corrosion cracking resistance and hydrogen em-

brittlement, which made it possible to use the steel for manufacturing well-head rods in pumping units during oil recovery.

 Thus, good structural strength, caused by a simultaneous increase in level of strength properties and brittle failure 

resistance for steels microalloyed with nitrogen, nitride-forming elements, and modifi ed with calcium and barium, is 

achieved as a result of preparation of an ultrafi ne structure, boundary refi nement, globularization and dispersion of nonme-

tallic inclusions, creation of lower bainite with high dislocation density, and dispersion hardening with precipitation of 

nanosize nitride phase.

Fig. 4. Yield and impact strength in steels with nitride strengthening: 

1) 28KhGN3AFT (austenite grain size 4 μm); 2) 28KhGN3F (11 μm); 

3) 28KhGN3 (22 μm).

Fig. 5. Dependence of austenite grain size in structural steel of grade 

30Kh2A alloyed with vanadium and niobium (a), vanadium alone (b), 

on heating temperature.
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 With a steel bainitic structure, there is an increase in the difference between ultimate strength (failure stress) and 

rupture stress, being a measure of bolt ductility [11] and possibly achievement of a strength of 1400–1500 N/mm2. Nanosize 

nitride phase forming within the structure of steels 30Kh2AF bolts is a “hydrogen trap” and increases resistance to delayed 

failure [12].

 Creation of a fi ne bainitic structure strengthened with nanosize nitride phase in reinforcement steel 17G2AF wound 

in a coil at 500–600°C provides a unique set of properties:

 •  high level of mechanical properties (σy > 550 MPа; σu > 700 MPа; δ > 20%; ψ > 59%; σ–1
smooth = 412 MPа; 

σ–1
notch = 205 MPа (class А500С);

 •  good brittle failure and crack resistance J/cm2: KCU+20 ≥ 160; KCV+20 ≥ 150; KCU–60 ≥ 95; KCV–60 ≥ 64; 

KCT ≥ 18; T50 ≥ –60°С;

 • low sensitivity to corrosive action;

 • good resistance to elevated temperature (fi re resistance);

 • seismic stability (good cyclic strength);

 • resistance to mechanical ageing;

 • guaranteed weldability.

 Due to a higher yield strength, the calculated resistance of steel is 25% higher than for reinforcement steel used tra-

ditionally of class A400, and the average expected saving is up to 20%. Manufacture and use of steel 17G2AF reinforcement 

provides a marked improvement in reliability and endurance of reinforced concrete structures operating in northern and seis-

mically critical areas and a reduction in economic expenditure.

 Conclusion. During creation of new promising economically alloyed materials and resource saving technology, 

decisive effects are considered to be structural factors, carbonitride strengthening phases, nonmetallic inclusions combined 

with the level of strength, fatigue, wear resistance, and brittle failure resistance. Microalloying of structural medium-carbon 

chromium steel with nitrogen and nitride-forming elements combined with controlled rolling and stamping helps achieve a 

prescribed set of properties (without special heat treatment) due to the creation of a fi ne lower bainite structure with high 

dislocation density strengthened with nanosize nitride phase.

 Microalloying combined with high-temperature deformation and strain ageing of bainite makes it possible to achieve 

maximum values of structural strength for medium-alloy, medium-carbon steels in critical components.

 Microalloying with nitrogen and nitride-forming elements for steels after controlled rolling or stamping may in the 

future become an effective direction in the fi eld of improving quality and service properties of structural steels.
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