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Abstract The phase transformation behaviors during continuous cooling of low-carbon boron steels with different
vanadium contents were studied by means of dilatometric measurement and microstructure observation. The bainite
transformation behavior is not noticeably altered when the vanadium content is 0.042 and 0.086 wt%, and these steels
exhibit full bainitic microstructure even at a cooling rate of 5 °C/s. When vanadium content is increased to 0.18 wt%,
ferrite is still present in the microstructure even at a cooling rate of 40 °C/s. Vickers hardness of the steels with 0.042 and
0.086 wt% V is remarkably higher than that of the steel with 0.18 wt% V at a cooling rate higher than 10 °C/s, and the
difference is increased with the increase in cooling rate. Moreover, the amount of coarse vanadium precipitates formed in
austenite is increased with the increase in vanadium content. The optimum content of vanadium to obtain bainitic
microstructure is 0.086 wt% in this experimental low-carbon boron steels.
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1 Introduction

Recently, low-carbon bainitic steels possessing high
strength and high toughness have been developed and
widely used in buildings, bridges, pipelines, ship structure
and automobile components [1-3]. In particular, Ti, Nb and
V microalloying combined with the controlled rolling and
controlled cooling not only can exclude or reduce the heat
treatment process but also can ensure the strength and
toughness of the steel and reduce the production cost.
Therefore, there have been reports on the composition
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design and thermo-mechanical processing of the microal-
loyed steels [4—8]. In the composition design of steels, the
study on the low-carbon bainitic steels containing boron
has been extensively conducted. Boron, as surface active
element, is commonly regarded as a most effective one to
realize the phase transformation strengthening in the steels.
The suggested mechanism of hardening effect of boron is
based upon the assumption that solute boron atoms easily
segregate to the prior austenite grain boundaries before
ferrite transformation [9, 10]. The use of microalloying
elements such as Ti, Nb and V plays an important role in
the composition design of high-strength steel as well.
Particularly, vanadium is the most commonly used element
[11, 12]. The reason is that the solubility of vanadium
carbide in austenite is significantly higher than those of the
other microalloying carbides and nitrides; therefore, many
fine particles are mainly precipitated during the phase
transformation of austenite to ferrite or in the heat preser-
vation process after transformation, such that its pre-
cipitation strengthening effect is relatively large among
microalloying elements [13, 14].
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New low-cost bainitic steel with high strength can be
obtained by taking the effect of boron on the phase trans-
formation strengthening into account with that of vanadium
on the precipitation strengthening. Many investigations
have described the effects of vanadium on the phase
transformation and microstructure; however, most of them
have been mainly focused on the multi-microalloyed steels
using Mo, Ni, Ti, Nb and Cu [15-17]. Additionally, the
research on the production of the bainitic steel plate by
using V and B has not been reported in detail. For a given
steel composition, the phase transformation behavior and
microstructure can be significantly affected by thermo-
mechanical controlled processing (TMCP), so that it is
necessary to examine the influence of alloying elements on
the dynamic continuous cooling transformation (CCT).

The present work is aimed at designing low-cost V-B
microalloyed high-strength bainitic steel without adding
expensive elements such as Mo, Cr, Ni and Nb. The in-
fluences of vanadium content on bainite transformation
behavior, microstructural evolution and precipitation be-
havior were investigated for these low-carbon boron steels
with different vanadium content.

2 Experimental

Three steels with different compositions were designed for
experiment, with 0.042, 0.086 and 0.18 wt% V, which
were denoted as No. 1, No. 2 and No. 3 steel, respectively.
The chemical compositions of the experimental steels are
given in Table 1. About 0.002 wt% boron was added to the
steels to improve the hardenability. These steels were
melted in the vacuum induction furnace and cast into 50 kg
ingots. The ingots were then homogenized at 1200 °C for
2 h and hot-rolled to 12-mm-thick plates. The cylindrical
specimens for dilatometer studies were cut from the hot-
rolled plates and machined into ¢ 8 mm x 15 mm in size.

The Gleeble-1500 thermo-mechanical simulator was
used to measure the transformation temperatures of the
experimental steels. The specimens were reheated to
1150 °C and held for 180 s to dissolve vanadium and
subsequently cooled to the deformation temperature of
900 °C and held for 20 s to eliminate the temperature
gradient. The specimens were finally compressed to a strain

Table 1 Chemical compositions of the experimental steels (wt%)

of 0.4 at a strain rate of 5 s~! and cooled to room tem-

perature at different cooling rates of 0.5, 1, 2, 5, 10, 20, 30
and 40 °C/s.

Metallographic observations were conducted by means
of a Leica DMIRM optical microscope (OM) and a FEI
Quanta 600 scanning electron microscope (SEM). Metal-
lographic specimens were mechanically polished and
etched with 3 vol% nital. Transmission electron mi-
croscopy (TEM) studies were conducted on thin foils of
3 mm in diameter, which were electro-polished using a
solution of 8 vol% perchloric acid alcohol, and examined
by an FEI Tecnai G* F20 TEM. The composition of the
precipitates was investigated by an energy-dispersive X-ray
spectroscopy (EDX). The Vickers hardness of specimens
with different cooling rates was tested by a Vickers hard-
ness tester under 98 N load. The CCT diagrams were
plotted by transformation temperatures determined on the
dilatometric curves with the help of metallographic ob-
servation and lever rule.

3 Results and Discussion
3.1 Transformation Behavior

The dynamic CCT diagrams of the three experimental
steels described in Table 1 are presented in Fig. 1. As
shown in Fig. 1, all of the CCT diagrams revealed complex
microstructures when the cooling rate is increased from 0.5
to 40 °C/s. These experimental steels contain boron ele-
ment that prevents the formation of ferrite and pearlite
even at low cooling.

For No. 1 steel, polygonal ferrite (PF), pearlite (P),
bainite (B) and martensite (M) were involved in the dy-
namic CCT diagram, as shown in Fig. la. The starting
temperature of ferrite transformation was in the range of
726-650 °C, and polygonal ferrite was produced under
cooling rates of 0.5-2 °C/s. Bainite was produced over a
wide range of cooling rates from 0.5 °C to 40 °C/s. In
particular, the full bainitic microstructure was obtained
even at the low cooling rate of 5 °C/s. The mixed mi-
crostructures of bainite and martensite were observed at the
cooling rate higher than 20 °C/s. For No. 2 steel, the
starting temperature of ferrite transformation was in the

Steel C Si Mn P S Al \% Ti N B Fe

No. 1 0.12 0.17 1.76 0.003 0.002 0.026 0.042 0.005 0.004 0.0021 Bal.
No. 2 0.12 0.14 1.76 0.002 0.002 0.027 0.086 0.005 0.004 0.0019 Bal.
No. 3 0.11 0.13 1.77 0.003 0.002 0.025 0.18 0.005 0.004 0.0020 Bal.

Ti and N were not added purposefully
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Fig. 1 Dynamic CCT diagrams of the steels with different V contents: a No. 1 steel, 0.042 wt% V; b No. 2 steel, 0.086 wt% V; ¢ No. 3 steel,

0.18 wt% V

range of 731-657 °C, as shown in Fig. 1b. Comparing the
dynamic CCT diagram of No. 2 steel (Fig. 1b) with that of
No. 1 steel (Fig. la), only a slight difference could be
observed, which means that their transformation behaviors
were similar. As for No. 3 steel, dynamic CCT diagram
(Fig. 1c) had much difference with those of No. 1 and
No. 2 steels, which was caused by the vanadium increase.
Pearlite was observed at cooling rates from 0.5 to 2 °C/s,
and bainite was formed at a cooling rate higher than 2 °C/s.
The starting temperature range of ferrite transformation
was 753-723 °C under cooling rates of 0.5-2 °C/s. It
should be noted that the ferrite transformation of No. 3
steel proceeded over a wide range of cooling rates from 0.5
to 40 °C/s.

It can be concluded from the above results that the
ferrite transformation field is obviously expanded, whereas
the bainite transformation field is reduced by adding ex-
cessive amounts of vanadium to 0.18 wt%. That is to say,
vanadium when added more than the critical content has
negative effect on the bainite formation. Therefore, it can
be concluded that a critical content of vanadium for sup-
pressing ferrite transformation and for obtaining full bai-
nitic microstructure is about 0.086 wt% in the continuously
cooled boron steel.

3.2 Microstructures

Figure 2 shows the typical optical micrographs of the ex-
perimental steels under different cooling rates. The volume
fractions of ferrite in the experimental steels under differ-
ent cooling rates are shown in Fig. 3.

It is clear from Fig. 2 to see the influence of vanadium
content and cooling rate on the microstructural evolution.
For No. 1 and No. 2 steels, the microstructures consisted of
polygonal ferrite, pearlite and granular bainite were ob-
served at the cooling rate of 1 °C/s, and the fractions of
ferrite were 54 and 58 vol%, respectively, as shown in
Fig. 2a, e. For No. 3 steel, however, the granular bainite
was not observed and the microstructure consisted of

@ Springer

polygonal ferrite (~78 vol%) and pearlite (Fig. 2i). That
is, increasing the vanadium content leads to obvious in-
crease in ferrite amount. The volume fractions of ferrite in
No. 1 and No. 2 steels were rapidly decreased with in-
creasing cooling rate as compared to No. 3 steel (Fig. 3).
When the cooling rate was 5 °C/s, the transformation of
ferrite and pearlite was suppressed and the microstructures
mainly consisted of granular bainite in No. 1 and No. 2
steels, as shown in Fig. 2c, g. As for No. 3 steel, however, a
large amount of ferrite (~ 63 vol%) was still present in the
microstructure (Fig. 2k).

Figure 4 shows the SEM micrographs of the ex-
perimental steels with cooling rate of 10 °C/s. For No. 1
and No. 2 steels, the lath bainite is shown in Fig. 4a, b,
respectively, and its fraction was increased with increasing
cooling rate, whereas polygonal ferrite was still exhibited
in No. 3 steel, and most of them was formed along prior
austenite grain boundaries (Fig. 4c).

As mentioned above, the microstructures of No. 2 steel
are similar to those of No. 1 steel under the CCT, and only
a slight difference in phase fraction can be observed. This
fact is given in the transformation kinetics, where the two
experimental steels have almost the same CCT diagram.
When the vanadium content is increased to 0.18 wt%,
ferrite is still present in the microstructures over the wide
range of cooling rates, and 12 vol% ferrite can be found
even at 40 °C/s.

To obtain bainite in the experimental steels, the ferrite
transformation must be delayed as far as possible. Medina
et al. [18] described the nucleation sites of ferrite in
austenite. The austenite grain boundaries, dislocation, other
crystal defects and carbonitride of the microalloying ele-
ments could be preferential nucleation sites of ferrite.
Vanadium in experimental steels can affect the transfor-
mation and microstructure in two forms, i.e., precipitates
and solid solution. In general, the vanadium precipitates are
mainly formed in the phase transformation process or the
heat preservation process after transformation [19]. As it
was reported in Ref. [20], however, particularly when the
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Fig. 2 Optical micrographs of experimental steels with different V contents after continuous cooling to room temperature under different
cooling rates: a 0.042 wt% V, 1 °C/s; b 0.042 wt% V, 2 °C/s; ¢ 0.042 wt% V, 5 °C/s; d 0.042 wt% V, 40 °C/s; e 0.086 wt% V, 1 °C/s;
f 0.086 wt% V, 2 °C/s; g 0.086 wt% V, 5 °C/s; h 0.086 wt% V, 40 °C/s; i 0.18 wt% V, 1 °C/s; j 0.18 wt% V, 2 °C/s; k 0.18 wt% V, 5 °Cls;
10.18 wt% V, 40 °C/s

carbon or nitrogen levels were high, the vanadium pre-
cipitates could be formed in austenite after solution treat-
ment or during hot deformation as the temperature was
decreasing. Hu et al. [21, 22] reported that the vanadium
carbonitrides in austenite could act as nucleation sites for
the ferrite along prior austenite grain boundaries or
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Fig. 3 Volume fraction of ferrite in the experimental steels with
different V contents

intragranular ferrite. According to Jung et al. [23], the
coarse precipitates formed in austenite could accelerate
ferrite nucleation.

In order to observe the formation of precipitates in ex-
perimental steels, TEM analysis was conducted on the
samples continuously cooled in 10 °C/s. The TEM mor-
phologies and EDX analysis result of precipitates in No. 3
steel are shown in Fig. 5. The precipitates formed in the
polygonal ferrite were observed. As shown in Fig. 5b, the
precipitates exhibit two sizes, i.e., 20-30 and 3-5 nm. The
precipitates were (V, Ti) (C, N) which are rich in vanadium
and carbon as analyzed by EDX in Fig. 5c. In spite of a
very low content of nitrogen and titanium (those were not
added purposefully) in experimental steel, the carbonitrides
of vanadium and titanium were observed due to titanium’s
strong affinity for carbon and nitrogen and relatively high
content of vanadium.

Combining TEM analysis with optical microscopy re-
sults, it is considered that the 20-30 nm precipitates were
nucleated during heat preservation and hot deformation
processes, and the 3—5 nm precipitates were formed during
continuous cooling stage. Figure 6 shows TEM micrograph
and precipitate morphologies of No. 2 steel sample.
Compared with the No. 3 steel, a very small amount of the
precipitates were observed due to relatively low content of
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Fig. 4 SEM micrographs of experimental steels after continuous cooling to room temperature under cooling rates of 10 °C/s: a No. 1 steel
composed of granular bainite and lath bainite; b No. 2 steel composed of granular bainite and lath bainite; ¢ No. 3 steel composed of granular

bainite and polygonal ferrite

vanadium. Furthermore, in the No. 1 sample, the pre-
cipitates were not almost observed.

The results show that in the case of high content of
vanadium, although the content of nitrogen is low, the
coarse vanadium precipitates could be formed in austenitic
region at 900 °C, and hence, ferrite transformation could
be promoted because of additional nucleation site of the
precipitates. The higher the vanadium content is, the larger
the amount of precipitates in austenitic region there will be,
as shown in Figs. 5 and 6. Therefore, ferrite transformation
would be more promoted. In addition, vanadium affects the
phase transformation as a solid solution state. When the
content of solute vanadium is less, the effects of vanadium
on the hardenability and phase transformation are much
less than those of the carbon and boron. Therefore, the
transformation behavior of No. 2 steel is very similar to
that of No. 1 steel. However, the precipitation strengthen-
ing effect of No. 2 steel during the controlled rolling and
controlled cooling would be higher than that of No. 1 steel.
On the other hand, for No. 3 steel, the formation of the
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coarse vanadium precipitates leads to the loss of pre-
cipitation strengthening effect and waste of vanadium.

3.3 Hardness

The effects of vanadium content and cooling rates on
Vickers hardness are shown in Fig. 7, where there was a
strong dependence of HV values on vanadium and cooling
rate. When cooling rate was lower than 5 °C/s, the hard-
ness values of No. 3 steel were higher than those of the
other two steels, but the difference between them was not
so large. This is considered to be resulted from the fact that
the solid solution strengthening is increased with the in-
crease in vanadium content, and furthermore, as Giindiiz
and Cochrane [24] reported, the vanadium precipitates can
be precipitated at low cooling rate.

As the cooling rate was higher than 10 °C/s, the hardness
values of No. 1 and No. 2 steel were obviously higher than
those of No. 3 steel, and the hardness of the three steel was
rapidly increased with the increase in cooling rate. Mean-

. Energy (keV)

Fig. 5 TEM micrographs and EDX analysis result of precipitates in No. 3 steel cooling at 10 °C/s: a morphology of polygonal ferrite;
b morphologies of fine precipitates and coarse precipitates in polygonal ferrite; ¢ EDX analysis result of coarser precipitate
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Fig. 6 TEM micrograph and precipitates morphologies of No. 2 steel cooling at 10 °C/s: a morphology of bainite; b morphologies of fine

precipitates and coarse precipitates
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Fig. 7 Effects of cooling rate and vanadium content on Vickers
hardness

while, there was almost no difference in hardness value for
No. 1 and No. 2 steels at high cooling rates. The difference in
hardness value for No. 3 steel and other two steels was more
substantial with the increase in cooling rate, which was about
115 HV at the cooling rate of 30—40 °C/s. This difference in
hardness at high cooling rates seems to be related to the phase
transformation strengthening. That is, the microstructures of
No. 1 and No. 2 steels were composed of bainite and
martensite. However, for No. 3 steel, ferrite is still present in
the microstructures. These facts show that the addition of
excessive amounts of vanadium into the boron steel de-
creases the effect of boron on the phase transformation
strengthening.

The study shows that the optimum content of vanadium
for the development of high-strength bainitic steel is
0.086 wt% in V-B microalloyed experimental steels.

4 Conclusions

1. The microstructures formed in continuously cooled steels
consist of ferrite, pearlite, bainite and martensite, de-
pending on vanadium content and cooling rate. The
starting temperatures of ferrite transformation under
cooling rates of 0.5-2 °C/s are in the ranges of 726—650,
731-657 and 753-723 °C for the steels containing 0.042,
0.086 and 0.18 wt% V, respectively, which indicates
obvious raise by the vanadium addition up to 0.18 wt%.

2. The bainite transformation behavior is not noticeably
altered by adding vanadium of 0.042 and 0.086 wt%.
These steels exhibit full bainitic microstructures even
at a low cooling rate of 5 °C/s. However, when the
vanadium content is increased to 0.18 wt%, the
polygonal ferrite is still present in the microstructure
even at a high cooling rate of 40 °C/s.

3. The Vickers hardness is increased with the increase in
vanadium content under a cooling rate lower than 5 °C/s,
but there is no significant difference between them.
When the cooling rate is higher than 10 °C/s, con-
versely, the hardness of the steels with 0.042 and
0.086 wt% V is remarkably higher than that of the steel
with 0.18 wt% V, and the difference between them is
increased with the increase in cooling rate, which is
about 115 HV at the cooling rate of 30—40 °C/s.

4. The amount of coarse vanadium precipitates formed in
austenite before continuous cooling is increased with
the increase in vanadium content. The ferrite transfor-
mation is obviously promoted due to the additional
nucleation site of the precipitates, especially in the
steel with 0.18 wt% V. The optimum content of
vanadium to obtain bainitic microstructure is
0.086 wt% in V-B microalloyed steel.
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