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Abstract 

Grain refinement is used as a strengthening mechanism in steels, because it enhances 
both strength and toughness at the same time. This knowledge was, and still is, a strong driving 
force for the development of new heavy forming practices where final grain has to be very small. 
But there is always the option of taking advantage of phase transformations that due to their 
particular mechanism of transformations and intermediate transformation temperatures, give as a 
natural consequence a low aspect ratio as well as a chaotic distribution, which finally leads to an 
excellent combination of mechanical properties. This is the case of acicular ferrite (AF) and bainitic 
ferrite (BF). This paper deals with the enhancement of AF transformation by the presence of V rich 
precipitates in a low carbon V microalloyed steel. 

1 INTRODUCTION  

Acicular microstructures obtained by transformation of austenite into ferrite (acicular or 
bainitic) at intermediate temperatures, are gaining an increasing interest on behalf of steel industry. 
On a permanent quest for better properties and more reliable products, these types of 
microstructures appear as a very promising solution. The peculiarities of both transformations, lead 
to chaotic and very fine microstructures as a natural consequence of their atomic mechanisms. 

There are evidences proving that in most of the cases, acicular ferrite is effectively 
intragranular bainite, nucleating on certain inclusions and/or precipitates. As an example, acicular 
ferrite transformation occurs below the bainite start temperature BS [1] and it suffers of the so 
called incomplete reaction phenomenon [2]. Moreover, the growth of AF is accompanied by a 
shape deformation which is characterised as an invariant plane strain with a large shear 
component, leading to a stored energy of about 400 J mol-1, similar to that of bainite [3].  

Four plausible mechanisms have been proposed [4-11] in order to explain the nucleation of 
intragranular ferrite at inclusions/precipitates in carbon steels and they are, volumetric strain, 
simple heterogeneous nucleation, local solute depletion and small lattice mismatch. So far none of 
the above mechanisms have been proved to be, individually, the main mechanism for nucleation, 
but rather the combined effect of several of them. 

Given that bainite and acicular ferrite might be competitive microstructures in the 
temperature range between BS and MS, the different ways to switch between one or the other are 
described as follows. The first method to promote AF relies on reducing the γ grain boundary area 
per unit volume, i.e. increasing the austenite grain size. Because bainite nucleates intergranularly, 
big austenite grain sizes will slow down its transformation kinetics and favour intragranular 
nucleation (AF), also, by increasing the austenite grain size the probability of trapping a higher 
fraction of inclusions/precipitates within austenite is also intensified. In the second method the aim 
is to dishabilitate the bainite nucleation sites, i.e. γ grain boundaries. This is achieved by decorating 
the grain boundary with fine allotriomorphic ferrite. It also has been postulated that B or Mn 
segregation to the γ−γ grain boundaries reduces the driving force for bainite nucleation at the 
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interface. Finally, the last and more obvious method is related to the presence of potent inclusions 
or precipitates within the γ grain, if there are none, acicular ferrite formation will never occur. 

It has been reported that V precipitates associated with MnS [12], or introduced in the steel 
as sintered polycrystal ceramics [13], or obtained during austenite deformation [14] are responsible 
of intragranular ferrite nucleation. In this work it is shown the role that V rich particles precipitated 
within austenite have on the isothermal decomposition from austenite to acicular ferrite.  

2 MATERIALS AND EXPERIMENTAL PROCEDURE  

The chemical composition of the alloy used is listed in Table I. The material was supplied in 
the form of 15x150x 400 mm bars, obtained by casting 100 kg in high vacuum furnaces and then 
hot rolling from 120 mm down to 15 mm followed by air cooling. Cylindrical dilatometric test pieces 
of 2 mm diameter and 12 mm length were machined longitudinally to the rolling direction of the bar. 

Table I. Chemical composition of the experimental grade, in wt%. 

C Mn V N Al Si S Cr Ni 
0.08 1.46 0.25 0.018 0.016 0.007 0.001 0.01 0.009 

An Adamel Lhomargy DT1000 high resolution dilatometer has been used to determine the 
TTT diagram of this steel. The dimensional variations of the specimen are transmitted via an 
amorphous silica pushrod. These variations are measured by a linear variable displacement 
transformer sensor (LVDT) in a gas-tight enclosure, enabling testing under vacuum or in an inert 
atmosphere. The temperature is measured with a 0.1 mm diameter Chromel-Alumel (Type K) 
thermocouple welded to the specimen. Cooling is carried out by blowing an helium gas jet directly 
onto the specimen surface. The helium flow rate during cooling is controlled by a proportional 
servovalve. The excellent efficiency of heat transmission, and the very low thermal inertia of the 
system ensure that the heating and cooling rates, ranging from 0.003 ºC/s to approximately 200 
ºC/s, remain constant.  

Cylindrical dilatometric specimens were austenitised and then isothermally transformed at 
different temperatures until transformation was completed before quenching to room temperature.  

Specimens were polished and etched in the usual way for further metallographic 
examination by means of optical and field emission gun scanning electron microscopy. The 
previous austenite grain size was revealed by means of the thermal etching technique [15]. 

A set of theoretical calculations to determine the temperature evolution of the different 
phases present, as well as critical phase transformation temperatures were performed with the 
help of a commercial package for thermodynamic calculations in equilibrium [16]. 

Thermoelectric power measurements (TEP) were performed to estimate the level of V(CN) 
precipitation, a schematic representation of the TEP apparatus and theory lying beneath this 
technique is given elsewhere [17], enough to say that this type of measurements are extremely 
sensitive to changes in both, the deformation state of the material and to the level of precipitates 
i.e. precipitation or dissolution processes. For these experiments 30x2x0.8 mm3 samples were 
machined longitudinally to the rolling direction 

The MS temperature of the steel was determined by dilatometry. Standard cylindrical 
specimens for dilatometry were austenitised and then rapidly cooled. Martensite formation during 
cooling was detected by monitoring the fractional change in dilatation with temperature, to ensure 
reliability of the result the test was performed at least twice.  

 

 



3 RESULTS AND DISSCUSSION 

Figure 1 shows the two routes designed and adopted in this work to analyze the influence 
of V(CN) precipitates on AF transformation. Route 2 was designed to have a higher fraction of 
potent nucleation sites for AF formation compared to Route 1, as it will become clear in the 
following paragraphs. 

Several are the reasons for the selection of 1125ºC for 120 s as the austenitising 
conditions, first is that according to Figure 2, at this temperature the microstructure is austenite, 
avoiding the interference of other phases in the study. The second reason is that at 1125ºC there 
is a small fraction of undissolved V(CN) precipitates,Figure 2, in addition to those the scarcer 
precipitation that is expected to happen when samples are quenched, 500ºC/s, to the isothermal 
temperature, leaves an austenite with a small fraction of V(CN) precipitates acting as potent 
nucleation sites for AF, case of Route 1. Also, another important reason for such austenitising 
conditions is the fact that at this temperature the measured austenite grain size is 60 μm, i.e. such 
a big grain size is expected to enhance AF formation in detriment of bainite by reducing the density 
of intergranular nucleation sites and, at the same time, increasing the number of trapped 
precipitates inside the austenite, acting as potent nucleation sites for AF. The necessary 
thermodynamic calculations to estimate the BS temperature according to ref 18 were performed by 
means of ref 16, and the obtained result was 590ºC . The experimental MS was obtained by 
dilatometry giving an average value of 480ºC. 
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Figure 1. Heat treatments routes adopted to study the influence of V(CN) on AF formation. 

In the case of Route 2 a more profuse V(CN) precipitation in austenite is intended, 
therefore, following austenitisation, samples were quenched at 500ºC/s down to 900ºC and held 
for 2500s. The dilatometric curve Δl/lo vs. t revealed an Avrami type shape that reached a plateau, 
at about 2200-2400s, meaning that at 2500s the equilibrium conditions described in Figure 2 have 
been reached, i.e. about 0.1% of V(CN) precipitates. Therefore the level of precipitation in 
austenite is representatively higher than that obtained solely by austenitisation at 1125ºC, case of 
Route 1. To assess this affirmation a set of TEP measurements were performed on samples that 
were held at 900ºC for different periods of time, 5 to 2500s, after applying the selected 
austenitisation conditions, followed by quench to room temperature. Figure 3 shows the TEP 
values measured, the t=0s corresponds to the sample that after austenitisation was quenched to 
room temperature, i.e. corresponding to the level of precipitation attained in Route 1. Giving the 
fact that the only metallurgical difference between the t= 0s microstructure and those obtained after 
holding at 900ºC for different times is the level of precipitation, it is reasonable to assume that any 
increment in the TEP measurements can only be justified in terms of an increasing precipitation 
level as the holding time at 900ºC is increased. Also Figure 3 shows that based on EDX analysis 
the precipitates can be identified as V(CN) after the holding for 2500 s at 900ºC. 
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Figure 2. Calculated equilibrium mass fractions of austenite (γ), ferrite (α), cementite (θ) and 

V(CN) : note that these fractions are expected following prolonged annealing. 

As it was mentioned, given that 2500s at 900ºC allow to reach the equilibrium conditions, 
new calculations to estimate the BS of impoverished austenite in C,V and N, once precipitation has 
been considered as in Figure 2, were performed as previously described. The results showed a 
negligible variation of BS as compare to that of Route 1. But in the case of the MS temperature, 
much more sensitive to the austenite C content, a slight increase is expected. This point was 
confirmed by means of dilatometry measurements by quenching to room temperature after 2500s 
at 900ºC, providing with an MS average value of 520ºC. 
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Figure 3. Evolution of thermoelectric power at 900ºC as function of holding time at 900ºC. And 

identification of precipitates at 2500s as V(CN). 
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Thus, the isothermal heat treatments in both routes were performed between 650 and 
450ºC , at intervals of 25ºC, until the dilatometry signal showed that the tracked transformation has 
ceased, then quenching to room temperature were applied. 

Martensite is identified for Route 1 and 2 at temperatures equal and lower than 475 and 
500ºC, respectively, so the MS temperature for Route 1 is expected between 475-500ºC and for 
Route 2 between 500-525ºC, as expected according to the dilatometric measurements, 480 and 
520ºC respectively 

On the other hand acicular ferrite was detected for Route 1 between 500-575ºC, see e.g. 
Figure 4 a and b, and for Route 2 between 525-575ºC, Figure 4 d and e. In Figure 4 d it is also 
possible to observe a lot of small white round features, see e.g. those within the dotted white 
circles, that were identified as V (CN) [19], when comparing with Figure 4 b it is possible to confirm 
that effectively Route 2 has promoted V rich precipitates. Finally in the temperature range between 
600-650ºC, for both routes, the observed microstructure is mainly ferrite with some pearlite as the 
micrographs in Figure 4 c and f reveal. From the above results it is possible to set the BS 
temperature for both conditions between 575-600ºC which is in good agreement with the 
calculated value of 580ºC. 

 

 

  
Figure 4. Micrographs showing some examples of microstructures achieved after different 

isothermal heat treatments. Thus, for Route 1 (a) 525ºC, (b) 550ºC and (c) 650ºC, for Route 2 (d) 
525ºC, (e) 575ºC and (f) 650ºC. 
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With the help of the dilatometric curves it was possible to outline the TTT diagram in the 
region of interest, shown in Figure 5. Although the beginning of transformation for both routes is 
very similar, about 1 second, that is not the case for the end of the transformation. Thus for Route 
2 the end of transformation is detected in between 5 and 15 s while for Route 1 it is in the range of 
30 to 60 s. Results indicate that indeed in Route 2 the kinetics of AF transformation is much faster 
than that detected for conditions in Route 1. 

 

450

500

550

600

-2 8 18 28 38 48 58 6

Time /s

Te
m

pe
ra

tu
re

 /º
C

Route 1 475 < Ms < 500
Route 2 500 < Ms < 525

8

 
Figure 5. Region of interest of the TTT diagram for both routes, hollow symbols represent the 

beginning of transformation and solid symbols the completion of it. 

 

4 CONCLUSIONS 

In this work two different Routes were design so the effect of V(CN) on AF formation could 
be analysed. To avoid the formation of bainite instead of acicular ferrite, the selected previous 
austenite grain size was 60μm, big enough to ensure the reduction of bainite nucleation sites at the 
same time that the probability of trapping more precipitates within austenite is also intensified.  

In one of the routes precipitation of V(CN) is enhanced by applaying, after austenitisation, a 
precipitation isothermal treatment at 900ºC (γ field) during 2500s. Given the fact that the only 
difference between both routes is the amount of V(CN) precipitates in γ, the observed acceleration 
of AF transformation kinetics in the route where profuse precipitation took place as compared to 
the other one, can only be explained in terms that V rich precipitates effectively enhance AF 
formation. 
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