
         International Seminar 2005 on Application Technologies of Vanadium in Flat – Rolled Steels             - 52 - 
 
 
 

Extended Use of Vanadium in A New Generation  
of Flat Rolled Steels 

 
 

Stanislaw Zajac 
 

KIMAB (previously Swedish Institute for Metals Research) 
SE-11428, Stockholm, Sweden 

Stanislaw.Zajac@simr.se 
 
 
 
Abstract - Vanadium is best known as an eminent element for strong and easy controllable 
precipitation strengthening. The principal reason for this is the larger solubility product of its carbo-
nitrides resulting in a lower solution temperature and a larger capacity to dissolve them at elevated 
temperatures. Precipitation strengthening of polygonal ferrite has been studied intensively in recent 
years and the use of vanadium for precipitation strengthening is a well established technology in 
HSLA steels with ferrite-pearlite microstructures. The benefits of precipitation strengthening are 
now being extended on bainitic steels with high and ultra-high strengths. The precipitation reactions 
in bainitic ferrite are, however, less well exploited for the obvious reasons. On the one hand, bainite 
is the most complicated microstructure of steel and there are still controversies regarding the 
formation of bainite. On the other hand the fine scale of precipitation within bainitic ferrite was 
very difficult to investigate using conventional experimental techniques. New developments in 
thermodynamic and kinetics of phase transformation as well as in advanced metallography are 
shown to offer new possibilities for solving these problems. 

Recent experimental data strongly suggest that vanadium can also by effectively use for ferrite 
grain refinement. It is shown in this paper that vanadium contributes to the formation of two types 
of intragranulary nucleated ferrite; polygonal ferrite and acicular ferrite. Intragranular polygonal 
ferrite nucleates on VN particles which grow in austenite during isothermal holding or slow 
cooling. There are two ways in which VN particles can be induced in austenite of V-microalloyed 
steels. The first alternative is to modify the steel composition to obtain a high density of MnS 
inclusions or other particles which may act as nucleation sites for VN, without substantially 
changing the processing conditions. The second alternative involves a strain-induced precipitation 
of VN in austenite during hot rolling in the temperature range of VN precipitation. The 
intragranular polygonal ferrite forms in the narrow temperature range, between 650-600°C for the 
investigated compositions. Slower continuous cooling promotes also profound nucleation of ferrite 
on the prior austenite grain boundaries.  

Acicular ferrite microstructure forms in V-microalloyed steels during isothermal transformation 
at lower temperatures and during continuous cooling at the optimum cooling rate. The acicular 
ferrite microstructure was obtained in V-microalloyed steels containing either high or very low 
nitrogen levels. This suggests that vanadium on its own can promote the formation of the acicular 
ferrite microstructure.  

The goal of this paper is to present an expanded view on the role of vanadium in ferrite grain 
refinement and precipitation strengthening. 
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1.  Introduction 

Microalloying elements are added to high-
strength low-alloy (HSLA) steels for two 
purposes, to produce grain refinement and/or 
precipitation strengthening. In both cases the 
desired effects are achieved by proper use of 
precipitation reaction of microalloy carbo-
nitrides both in austenite prior to 
transformation and in ferrite, during and after 
transformation. Thus, an understanding of 
precipitation processes together with 
microstructure formation, ranging from 
austenite conditioning for intense ferrite 
nucleation to intense dispersion strengthening 
of ferrite is critical to the successful production 
and application of microalloyed steels. 

Precipitation of microalloy carbo-nitrides in 
austenite is used exclusively for ferrite grain 
refinement through an increase in the number 
density of nucleation sites for ferrite. There are 
two conventional approaches to austenite 
conditioning which provide high density of 
planar nucleation sites, i.e. recrystallisation 
controlled rolling (RCR) and classical 
controlled rolling (CR)[1-3]. In the RCR practice 
the increase in the nucleation sites comes 
exclusively from the increase in grain boundary 
area per unit volume which results from a 
decrease in austenite grain size during repeated 
recrystallisation. For the CR practice the 
increase in the number of nucleation sites 
results from the change in grain shape and the 
addition of active deformation bands and 
incoherent twin boundaries. 

In the new approach to grain refinement 
microalloying elements are directly used to 
promote nucleation of intragranular polygonal 
ferrite or acicular ferrite inside the austenitic 
grains[4-8]. In both cases it has been shown that 
V is the most effective microalloying element 
for nucleation of intragranular ferrite. The 
formation of intragranular polygonal ferrite 
requires the presence of active VN particles in 
austenite[7]. For the nucleation of acicular 
ferrite it appears that the formation of V-
clusters in austenite is critical[8].  

For precipitation strengthening the particles 
which precipitate during or after transformation 

to ferrite are necessary. To produce the very 
fine particles that are responsible for dispersion 
strengthening (i.e. particles that are 2-5 nm in 
diameter), it is necessary that these should be 
freshly precipitated during or after 
transformation to ferrite. For hard particles the 
Ashby-Orowan mechanism – bowing of 
dislocations between particles – predicts that 
the sole parameter determining precipitation 
strengthening is the particle spacing and so to 
obtain the largest possible strengthening, the 
nucleation rate, which determines the density 
of the precipitate dispersion, should be 
maximised. The essential parameter governing 
the variation in nucleation is the chemical 
driving force for V(C,N)-precipitation. The 
chemical driving force depends strongly on 
chemical composition of steel. Previously it 
was believed that the total carbon content in 
steel could not influence homogeneous 
precipitation in ferrite due to the low 
equilibrium solubility. However, it was 
demonstrated that the effective carbon for 
precipitation in ferrite is much greater in the 
times available during transformation[9].  
Metastable equilibrium between ferrite and 
undercooled austenite greatly increases the 
solubility of carbon in ferrite thereby 
contributing to profuse nucleation of V(C,N) 
particles. These findings are of major 
significance for precipitation strengthening in 
bainitic ferrite which forms at intermediate 
transformation temperatures.  

Much has been achieved in the past and 
vanadium is now extensively used for strong 
and easy controllable precipitation 
strengthening of HSLA steels with ferrite-
pearlite microstructures. Small additions of V 
are considered as the most economical way of 
transforming standard steel into a high strength 
product. 

The use of vanadium to improve strength 
and toughness is now being extended on; (i) 
ferrite grain refinement through nucleation of 
intragranular ferrite, (ii) on promoting acicular 
ferrite microstructure and (iii) on precipitation 
strengthening of high and ultra-high strength 
bainitic steels. The aim of this paper is to 
present the physical metallurgy and hot rolling 
and cooling strategies that underlines these new 
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possibilities of vanadium in hot rolled flat 
steels. 

 
2. Driving force for precipitation of VN, 

VC and V(C,N)  

The precipitation process proceeds at a 
perceptible rate only if there is a driving force, 
that is, a free energy difference between the 
product and parent phases. The driving force 
enters the steady state nucleation rate in a 
central way and must be known with good 
accuracy if nucleation rates are to be 
calculated, or even estimated. The steady state 
nucleation rate J (1/m3s) of microalloy carbo-
nitrides, controlled by diffusion of 
microalloying elements (MA) can be thus 
represented as[10], 

J D X exp( G *
kTMA MA≅ −

ρ

γa3

∆ )              (1) J D X eMA MA≅
ρ

γa3

where ρ is the dislocation density and a is 
the lattice parameter of the matrix, DMA  and 
XMA are the diffusivity and concentration of the 
MA. 

The chemical driving force for nucleation 
can be determined with a high accuracy from 
the recent evaluation of thermodynamic 
parameters for microalloy steels, within the 
well-known thermodynamic database, 
Thermocalc[11]. Fig. 1 illustrates the chemical 
driving force for nucleation of V(C,N) in 

austenite, during γ−a transformation and in 
ferrite. It can be seen that the chemical driving 
force for precipitation in austenite is low but 
increases suddenly and strongly as γ is 
transformed to α, reflecting the solubility drop 
associated with the widely different solubilities 
in the two phases, Fig. 1(b). The dominating 
effect of N on the driving force for V(C,N) as 
compared with that of C is also clearly seen in 
this figure. Since the nitrogen contents of 
commercial structural steels, up to 200 ppm, 
are generally below the solubility limit in both 
ferrite and austenite, all the nitrogen is 
available for precipitate formation, whether this 
occurs homogeneously or by the inter-phase 
mechanism. This means that nitrogen is always 
present in a form where it can react efficiently 
with microalloy elements. Carbon, on the other 
hand, is present in larger amounts but has only 
a very restricted solubility in ferrite.  Thus, 
while the total carbon content might be 
expected to have some effect on inter-phase 
precipitation (due to the content dissolved in 
austenite) it would not be expected to influence 
homogeneous or random precipitation in 
ferrite.  Indeed, the effect of total carbon 
content on precipitation strengthening is 
usually considered negligible in microalloyed 
steels. In the following sections we shall show 
that this assumption is not correct, at least in V-
microalloyed steels.  

 

(a) (b)

Fig. 1 Chemical driving force, ∆Gm/RT, for nucleation of V(C,N) as a function of temperature (a) and the 
solubility drop of V during γα transformation (b). 
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3.  The use of V for ferrite grain refinement 

As the transformation of austenite to ferrite 
occurs by a thermally activated nucleation and 
growth process, the formation of fine ferrite 
grains is favoured by a large number of 
nucleation sites and by high ratio of N/G, 
(where N is the nucleation rate per active site 
and G is the growth rate).  

In conventional controlled rolling (CR) the 
recrystallisation process is suppressed during 
the pancaking passes and less favourable ferrite 
nucleation sites on the deformation bands and 
transgranular twins are activated in addition to 
nucleation at austenite grain boundaries.  

The RCR approach is based on maximising 
the grain boundary area for ferrite nucleation 
by suppressing grain coarsening after repeated 
recrystallisation[1-3]. 

Microalloying elements can also be directly 
used for ferrite grain refinement through 
nucleation of intragranulary ferrite in the centre 
of austenite grain. This approach is based on 
conditioning the austenite in such a way as to 
introduce a large number of nucleating clusters 
or particles in austenite prior to transformation. 

This new microstructure refining techniques 
can be especially useful for heavy gauge plates 
and sections for which CR and accelerated 
cooling are not always applicable. 

 
3.1  Nucleation of intragranular polygonal 
ferrite on VN  

According to the misfit theory, the ferrite 
nucleation potency of particles is determined 
by the lattice coherency between particles and 
ferrite at the interface. The change in the 
interfacial energy and the driving force for 
ferrite nucleation on different particles revealed 
that the phases which should have the highest 
ferrite nucleation potential are TiN and VN[5]. 
Recent experimental results clearly 
demonstrate that intragranular ferrite plates can 
easy nucleate on VN[4-7]. This has been related 
to the atomic matching between (100)VN // 
(100)α planes which allow the growing ferrite 
to maintain coherent, low energy interfaces 
with respect to vanadium nitride. In order to 
obtain intragranular ferrite the active VN 
particles must first form in austenite.  
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Fig. 2 Precipiation-time-temperature diagrams 
for vanadium carbo-nitrides in undeformed 
austenite [12]. 

Fig. 3 Intragranular ferrite nucleus in 0.12%V-steel 
water quenched from 660°C after ~5% 
transformation [12]. 

 
The precipitation-temperature-time diagram 

for VN in undeformed austenite is shown in 
Fig. 2. The experimental results revealed that 
the precipitation of VN in undeformed 
austenite is very sluggish and requires long 

holding time near the temperature of maximum 
precipitation in order to produce effective VN 
particles. There are two ways in which the 
precipitation of VN in austenite can be 
enhanced. The first alternative is to modify the 
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steel composition to obtain a high density of 
MnS inclusions or other particles which may 
act as nucleation sites for VN in austenite, 
without substantially changing the processing 
conditions. The second alternative involves a 
strain-induced precipitation of VN in austenite 
during hot rolling in the temperature range of 
VN precipitation. 

Nucleation of intragranular ferrite of VN 
precipitating on the existing MnS inclusions is 
shown in Fig. 3. Fine V nitrides start to grow 
on the existing inclusions if the steel containing 
vanadium is slowly cooled or held at 
temperatures near the VN precipitation nose. 
The effect of vanadium in promoting the 
formation of intragranular polygonal ferrite is 
more profound in high nitrogen steels. As the 
nitrogen content is increased the chemical 
driving force for precipitation is increased and 
the VN particles become coarser and more 

numerous, thereby increasing the nucleation 
rate of intragranular ferrite. 

 

 
Fig. 4 Strain induced precipiation of V(C,N) in 

deformed austenite of V-steel[13]. 

 

(a) 

 

 
 
aVN = 0.4139nm for 

VN 
aα    = 0.2866nm  for 

ferrite 
 
atomic mismatch 

= 
αa

aVN

⋅ 2
= 1.021 

 
(b) 

Fig. 5 Intragranular ferrite nucleus at VN in 0.10%V-0.02%N steel deformed at 900°C/40% and water 
quenched from 800°C after ~5% transformation (a). Atomic mismatch between VN and α-Fe for the 
B-N orientation relationship (b). 
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An enhancement of VN precipitation in 
austenite by plastic deformation (strain-induced 
precipita-tion) is preferred for HSLA steels, as 
an increase in sulfur in not advantageous for 
these steels, Fig. 4. The precipitation start time 
depends on the vanadium and nitrogen contents 
in steel and on the degree of deformation. For 
the high nitrogen steels a reduction by ~40% is 
sufficient for producing a high density of 20-
80nm large VN particles. 

The strain induced, homogenously 
nucleated VN particles are predominantly 
cube-like, Fig. 5. Their faces are active 
nucleation sites for ferrite. On the planar 
section they nucleate four-arm ferrite rosettes. 
Examination of local orientations of 
intragranular ferrite grains growing from VN 
particles revealed that the ferrite crystals 
growing from the opposite VN faces adopt the 
same orientation. The ferrite crystals growing 

from the neighbouring edges are misorientated 
by about 60°. This can be understood on the 
basis that misorientations are clustered around 
the unique orientation relationship, according 
to the analysis shown in Fig. 6(b). Intragranular 
polygonal ferrite grains grow by migration of 
the incoherent boundary involving a purely 
diffusional mechanism which means that any 
texture arising in polygonal ferrite must be 
controlled by nucleation alone. The 
measurement of the misorientations between 
intragranular ferrite grains in fully transformed 
specimens revealed that there is no strong 
texture, however, a local cluster of orientations 
with the small misorientation within the cluster 
was observed[12]. It is also possible that the 
neighboring grains may nucleate at the 
interphase boundary of a previously formed 
crystal and austenite. 
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Fig. 6 Microstructure and number density of grain boundary ferrite and intragranular polygonal and 
acicular ferrite in 0.10%V steel isothermally transformed between 700-450°C prior to gas 
quenching to room temperature [12]. 
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The microstructures of the specimens 
isothermally treated at 850°C for 1 hour and 
partially transformed at the temperatures 700-
450°C are shown in Fig. 6. Quenching from 
600°C produced a thin band of grain boundary 
ferrite and higher number of intragranulary 
nucleated polygonal ferrite crystals, Fig. 6(a). 
Isothermal transformation at 550°C produced a 
very little grain boundary nucleated 
allotriomorphs and high density of small ferrite 
side plates nucleated within the prior austenite 
grains, Fig. 6(b). When the number density of 
intragranular ferrite in the isothermally 
transformed steels are plotted against the 
transformation temperature as in Fig. 6(d) there 
is seen to be a narrow temperature range for the 
formation of intragranular polygonal ferrite.  
This range is restricted to 650-600°C. At higher 
temperatures only grain boundary ferrite 
develops and at lower temperatures ferrite side 
plates become the dominant phase.  

 
3.2 Formation of acicular ferrite structures 

in V-steels 

 
 

 
 

Fig. 7 Microstructure of low N-steel, and high N-
steel isothermally transformed at 450°C. 

It has already been demonstrated that the 
presence of vanadium in austenite can 
stimulate fine acicular ferrite structures giving 
considerable improvement in mechanical 
properties. According to Fig. 6(c) a very fine 
acicular ferrite structure was formed in V-steels 
when the isothermal transformation 
temperature was lowered to 450°C. Similar 
tendency for the formation of acicular ferrite 
was observed in the V-microalloyed steel with 
a very low nitrogen content, Fig. 7. This 
suggests that vanadium on its own promotes 
the formation of the acicular ferrite 
microstructure. If it is assumed that vanadium 
alone is responsible for the formation of 
acicular ferrite then the driving force for the 
nucleation of ferrite which will dictate the 
profusion of nuclei will be determined by 
interaction of V with other alloying elements.  

 
4.  Development of precipitation 

strengthened high and ultra-high strength 
bainitic steels - a new generation of V-
steels. 

There is at present enormous interest world-
wide for achieving extra high strength steels 
(Rp>∼700MPa) having bainitic 
microstructures.  These require controlled 
cooling practice and also hardenability-
enhancing alloy elements.  Vanadium 
contributes in this way but also offers the 
possibility of giving an extra strengthening 
contribution by precipitation within the 
dislocation substructure of the bainitic ferrite.  
This is an almost unexplored subject that offers 
great potential for future generations of high 
strength steels. 

 
4.1  Precipitation of V(C,N) during γ/α 

transformation 

Precipitation during the γ/α-transformation 
occurs because the chemical driving force for 
precipitation of microalloy carbonitrides 
increases suddenly and strongly as γ is 
transformed to α reflecting the solubility drop 
associated with the widely different solubilities 
in the two phases, as shown in Fig. 1. At low 

(b) 0.1C-0.12V-0.025N 

(a) 0.22C-0.12V-0.0015N 
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supersaturations corresponding to temperatures 
between A3 and A1 and slow cooling, nature 
takes advantage of easier nucleation in 
interfaces and carbonitrides are formed 

repeatedly in the moving γ/α-boundary, so 
called interphase precipitation, Fig. 8(a).  

 

 

 (a) 
 

(b) 

(c)
Fig. 8 Generic CCT diagram for microalloyed steel indicating approximate regions of interphase and 

random precipitation. Precipitation in bainitic ferrite is also indicated in this figure. 
 

V-microalloyed steels are particularly suited 
for generating profound interphase 
precipitation because of their ability to dissolve 
large quantities of V-carbonitrides at relatively 
modest temperatures in the γ-range due to the 
larger solubility as compared to other 
microalloy carbonitrides.  Fig. 8(b) shows the 
typical morphology of interphase precipitation 
of V(C,N) in microalloyed 0.10%C-0.13%V 
steels[14]. Already from its appearance one can 
conclude that such a microstructure is formed 
in sheets parallel to the γ/α-interface by 
repeated nucleation of particles as the 
transformation front moves through the 
austenite. A characteristic feature is also that 
the rows of particles that are formed in the 
same region on the same phase boundary all 
possess the same orientation, a unique variant 
of the Baker-Nutting (B-N) orientation 
relationship with the ferrite matrix[15]. The 
intersheet spacing is affected considerably by 
the nitrogen content of the steel and the 
interphase precipitation becomes more refined 

when the transformation temperature is 
lowered. 

 

4.2  The mechanism of interphase 
precipitation.  

A model for interphase precipitation based 
on the solute-depletion mechanism has recently 
been developed[16]. This model considers the 
growth of the V-depleted zone ahead of a sheet 
of V(C,N)particles and the simultaneous 
advance of the γ/α-interface in which it was 
nucleated, Fig. 9(a).  It is postulated that the 
γ/α-boundary bows out after a sheet of V(C,N) 
particles has formed. Part of the V in the γ will 
then be fed to V(C,N) particles in the sheet by 
boundary diffusion as the γ transforms to 
α. The V-content at the front will thus be lower 
than the initial content in the austenite, 
allowing the interface to move away. At a 
sufficient distance the V-content is again high 
enough to allow new V(C,N) particles to 
nucleate and a new sheet of particles will form. 
The model exhibits reasonably good agreement 

Precipitation in 
bainitic ferrite 
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with observed values of intersheet spacing, its 
temperature dependence and the transition from 

interphase to general precipitation, and its 
dependence on C-, V- and N-content, Fig. 9(b).  

 

V
V

V
V

V

V

A

B

C

N

 
(a) 

 

 
(b) 

Fig. 9 (a) Schematic figure showing the γ/α-interface bows out, expands sideways and reaches eventually 
material with sufficient V for renewed precipitate nucleation to occur. The transfer of V boundary 
diffusion to the lower precipitate row is indicated.  (b) Experimentally measured and computed 
intersheet spacings in interphase precipitation of a 0,10%C-0,13%V steel as a function of the 
transformation temperature [16]. 

 

4.3  Random precipitation in ferrite 

On lowering the temperature the interface 
will gain speed relative to the rate of 
precipitation, implying that the boundary 
escapes the precipitates leaving supersaturated 
ferrite in its wake for subsequent general 
precipitation to occur behind the migrating γ/α-
boundary. In this case the particles are not 
aligned in rows but are randomly distributed 
and also are characterised by the occurrence of 

different variants of the B-N orientation 
relationship[15].  

Experiments show clearly that the V(C,N)-
precipitation becomes denser and the particles 
finer with increasing N-content, Fig. 10(a),(b). 
This originates from the fact that the chemical 
driving force for this reaction increases as more 
N is dissolved in ferrite and therefore increases 
the nucleation rate.  The technically very 
important effect of N on the strengthening of 
V-steels is shown in Fig. 10(d). 

 

 

 
 

(c) 
 

(d) 

Fig. 10 Growth of V(C,N)-precipitates after transformation at 650°C as a function of the N-content and 
holding time, (a),(b) and electron micrographs illustrating the effect of N on the density of V(C,N)-
precipitates (c), and the effect of N, V and transformation temperature on the precipitation 
strengthening (d). 
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4.4  The role of carbon 

At first sight there is no evident reason why 
carbon should affect the precipitation of 
vanadium since the solubility and activity of 
carbon in ferrite is defined by the iron-carbon 
equilibrium in the two-phase structure. 
However, during transformation on cooling the 
equilibrium phases change from being 
ferrite + austenite to being ferrite + cementite 
and there is a substantial change in the carbon 
solubility in ferrite. Fig. 11(a) shows the two 
solubility limits for carbon in ferrite. At 600°C, 
for example, the solubility of carbon in 
metastable equilibrium with austenite is five 
times greater than the true solubility in 
equilibrium with cementite. Thus, during the 
initial stages of transformation the chemical 

driving force of carbon in ferrite is very large, 
Fig. 11(b), and profuse nucleation of V(C,N) 
will be favoured. The carbon activity will 
remain unchanged even if V(C,N) is being 
formed since the diffusion rate is very high and 
austenite provides an inexhaustible store. The 
above situation continues until pearlite is 
nucleated at which point a new equilibrium 
with a reduced carbon activity is established. 
The great reduction in carbon activity at this 
stage is likely to virtually eliminate further 
nucleation of V(C,N) although some continued 
growth of existing particles may be expected. 
The experimental results show that carbon 
raises ∆Rp by ~ 5.5MPa for every 0.01%C in 
the HSLA steel, Fig. 11(c)[9]. 
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Fig. 11 Solvus lines for C in ferrite in equilibrium with cementite and austenite (a), chemical driving force, 
∆Gm/RT, for precipitation of VC and VN in 0.12% V steel (b) and deduced values of precipitation 
strengthening for isothermally transformed V-steels as a function of C-content (c) [9]. 

 
4.5  Precipitation in bainitic ferrite  

 
Modern high and ultra-high strength bainitic 

steels derive their strength from the fine or 
ultra-fine bainitic ferrite grains in which the 
contribution from precipitation strengthening is 
of paramount importance. The precipitation 
reactions in bainitic ferrite are, however, less 
well exploited. The reasons for this are 
obvious. On the one hand, bainite is the most 
complicated microstructure of steel and there 
are still controversies regarding the formation 

of bainite, diffusion of carbon at the α/γ 
interface and supersaturation of carbon in 
ferrite. On the other hand the fine scale of 
precipitation within bainitic ferrite was very 
difficult to investigate using conventional 
experimental techniques. Recent developments 
in thermodynamic and kinetics of phase 
transformation as well as in advanced 
metallography offer new possibilities for 
solving these problems.  
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Fig. 12 Precipitation strengthening particles in lath-like ferrite of Ti-V microalloyed high strength bainitic 

steel. 
 
Recent studies at SIMR clearly indicate that 

there is an abundant precipitation of nanoscale 
M(C,N) in the dislocated bainitic ferrite matrix, 
over a broad temperature range down to 300°C, 
Fig. 12. It was shown that there is a sequential 
precipitation with strong synergy effects 
between precipitation strengthening and bainite 
promoting elements. This strong precipitation 
strengthening effect can be used to increase the 
yield strength at a given toughness or to 
improve ductility and toughness. The 
improvement in ductility and toughness can be 
achieved by reducing the carbon content and 
using precipitation strengthening to 
compensate for the lost of strength due to the 
lower carbon level.  

For precipitation strengthening to be 
successfully applied in bainitic steels, a number 
of issues need to be addressed. There is a need 
to understand better how the bainitic 
microstructure develops during transformation, 
in particular, the factors controlling the bainite 
morphology, the carbon partitioning between 
austenite and ferrite, carbon supersaturation of 
ferrite, nucleation conditions and the formation 
of the second phases. There is also a 
requirement to understand the solubility of 
microalloying/alloying elements which control 
precipitation reactions in bainitic ferrite. 
Finally, the hot rolling and cooling practices 
has a big influence on these factors, bainitic 
transformation from deformed austenite is not 
well understood.  

 
5.  Summary 

Micro-alloying with vanadium provides one 
of the best way of transforming standard steel 
into a high strength product. Small additions of 
V generate large increases in strength. Much 
has been achieved in the past for V-steels with 
ferrite-pearlite microstructures and vanadium is 
now extensively used for strong and easy 
controllable precipitation strengthening. The 
benefits of precipitation strengthening in 
ferrite-pearlite steels are now being extended 
on high strength bainitic steels. 

Vanadium should also be considered as an 
important grain refining element. It is shown 
that vanadium contributes to the formation of 
two types of intragranulary nucleated ferrite; 
polygonal ferrite and acicular ferrite. 
Intragranular polygonal ferrite nucleates on VN 
particles which grow in austenite during 
isothermal holding or slow cooling. Acicular 
ferrite microstructure forms in V-microalloyed 
steels during isothermal transformation at 
lower temperatures and during continuous 
cooling at the optimum cooling rate. The 
acicular ferrite microstructure was obtained in 
V-microalloyed steels containing either high or 
very low nitrogen levels. This suggests that 
vanadium on its own can promote the 
formation of the acicular ferrite microstructure.  

 
 
 



         International Seminar 2005 on Application Technologies of Vanadium in Flat – Rolled Steels             - 63 - 
 
 
6.  References  

[1]  M. Korchynsky: Int. Conf. on HSLA Steels-85, 
Beijing, ed. J. M. Gray, Metals Park, OH, ASM, 
(1986), p. 251.  

[2] S. Zajac, T. Siwecki, W. B. Hutchinson, M. 
Attlegård: Metall. Trans. Vol. 22A (1991), p. 
2681. 

[3]  T. Siwecki and S. Zajac: 32nd Mechanical 
Working and Steel Processing Conference, 
Cincinnati, OH, 1990, Warrendale,  PA,  ISS-
AIME (1991), p. 441. 

[4]  T. Kimura, A. Ohmori, F. Kawabata, and K. 
Amano: TMCP of HSLA Steel”. Thermec 97, 
(1997), p. 645. 

[5]  T. Kimura, F. Kawabata, K. Amano, A. 
Ohmori, M. Okatsu, K. Uchida and T. Ishii: 
CAMP-ISIJ, (1999), p. 165. 

[6] F. Ishikawa and T. Takahashi: ISIJ 
International, (1995), p. 1128. 

[7]  S. Zajac: 43rd Mechanical Working and Steel 
Processing Conference; Charlotte, NC; USA; 
28-31 Oct. (2001), p. 497. 

[8] He K. and Edmonds D.V., Mat. Sc. Tech., 
Vol.18 (2002), p. 289. 

[9] S. Zajac, T. Siwecki, W. B. Hutchinson, R. 
Lagneborg: ISIJ Int. Vol. 38, (1998) p. 1130.  

[10] K.C. Russel: Nucleation in Solid: The 
Induction and Stady State Effects, Adv. Colloid 
Interface Sci, Vol.13 (1980), p. 205. 

[11] S. Zajac, Thermodynamic model for the 
precipitation of carbonitrides in microalloyed 
steels.  Swedish Institute for Metals Research, 
Report IM-3566, (1998). 

[12] S. Zajac S. and B.W. Hutchinson: Progress 
Report No 2 to VANITEC; 2001. 

[13] S.F. Medina and A. Quispe: Mat. Sc. Tech., 
Vol. 16 (2000), p. 635. 

[14] S. Zajac, T. Siwecki, M. Korchynsky: Int. 
Symp. on Low Carbon Steels for the 90’s 1993 
ASM/TSM Materials Week, Pittsburgh,  USA, 
Oct. 17-21, (1993), p. 139. 

[15] R. G. Baker and J. Nutting: ISI Report No 64, 
London (1969), p. 1. 

[16] R. Lagneborg and S. Zajac:  Metall. and Mat. 
Trans. Vol. 32A (2001), p. 39. 

[17] S. Zajac, T. Siwecki and M. Korchynsky: Proc. 
Conf. Low Carbon Steels for the 90`s, 
ASM/TSM, Pittsburgh, USA, (1993), p.139. 

[18] S. Zajac, T. Siwecki, W. B. Hutchinson, R. 
Lagneborg: Int. Symp. “Microalloying in Steels: 
New Trends for the 21st Century, Sept. 7-9, 
1998, San Sebastian, Spain, p. 295. 

 


