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Effect of V on intragranular ferrite nucleation of
high Ti bearing steel
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The effect of 0.1V on the intragranular ferrite nucleation of 0.2Ti steel was studied. By adding 0.1V, the grain size was refined to
1–3 lm. The (Ti,V)(C,N) complex precipitates were the nucleation sites of the intragranular ferrite. The core of the precipitate was
undissolved Ti–C-rich (Ti,V)(C,N), and the cap was V–C-rich (V,Ti)(C,N) generated by stress induction. The V-rich cap forming on
the Ti-rich core increased the nucleation potency. The precipitates reached critical nucleation size with the assistance of the core.
� 2013 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
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The development of hot-rolled high-strength
automotive steel is an important way of reducing vehicle
weight and achieving the purpose of energy saving and
emission reduction. Excellent comprehensive mechani-
cal properties are required, owing to the difficulty of
the machining process and the harsh service environ-
ment. Thus, the strength and toughness should be well
balanced [1]. Among various methods of strengthening
steel, grain refinement is a method that can enhance
strength with no deterioration in toughness [2]. In recent
years, a variety of methods have been developed to pro-
duce ultrafine-grained steels, including strain-induced
ferrite transformation, large-strain warm deformation,
intercritical hot rolling, multi-directional rolling and
cold-rolling plus annealing of martensitic steel. The
most effective techniques are equal-channel angular
pressing, accumulative rolling bonding and high-pres-
sure torsion. The grain size is refined to 1–3 lm [3–5].
But in commercial hot-rolled Nb–Ti and Ti–Mo micro-
alloyed strip steel, the grain size could be controlled
within only 5–10 lm [6,7].

The formation of fine intragranular ferrite is an effec-
tive way of refining the microstructure, resulting in an
improvement in strength and toughness [8–11]. Medina
et al. [12] revealed that the intragranular nucleation of
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ferrite on the precipitates led to a significant decrease
in grain size, close to 50%. Some studies showed that
intragranular ferrite nucleated at precipitates and inocu-
lated inclusions, e.g., Ti2O3 and MnS + V(C,N)
[9,11,13]. Shim et al. [14] systematically studied the fer-
rite nucleation potency of non-metallic inclusions, sum-
marizing that single-phase SiO2, MnO–SiO2, Al2O3, TiN
and MnS particles dispersed in carbon steels appeared to
be inert to the nucleation of intragranular ferrite, while
Ti2O3 particles in Mn-containing steel, and MnS and
Al2O3 particles in steels containing vanadium and nitro-
gen appeared to be potent for the nucleation of intra-
granular ferrite. However, the ferrite nucleation
behavior on the (Ti,V)(C,N) complex precipitates has
not been studied, and the evolution of the precipitates
in the austenite of high Ti–V bearing steel has not been
investigated. Furthermore, the electron probe microana-
lyzer (EPMA) acts as a precise method of studying the
composition and formation process of the precipitates
by micro area element analysis, which is rarely con-
ducted on studying the nucleation of intragranular fer-
rite on precipitates or inclusions.

In this study, a new hot-rolled ultrafine-grained fer-
ritic steel with the formation of intragranular ferrite
on (Ti,V)(C,N) precipitates was successfully developed.
The morphologies and element distribution of the pre-
cipitates were characterized by EPMA and transmission
electron microscopy (TEM). The ferrite nucleation po-
tency of (Ti,V)(C,N) is discussed.
sevier Ltd. All rights reserved.
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The tested steels were smelted by vacuum induction
furnace, and cast into 150 kg ingots. The chemical com-
position of Ti–V microalloyed steel is as follows (wt.%):
0.04C, 0.19Si, 1.5Mn, 0.003P, 0.0025S, 0.05Al, 0.2Ti,
0.1V, 0.005N, balanced by Fe. The referential single Ti
steel possesses the same chemical composition except
for V. The 40-mm-thick slabs were heated to 1150 �C
and held for 2 h, then air-cooled to 960 �C. The slabs
were rolled into steel plates 7 mm thick after five passes
by a £450 mm trial rolling mill, and the rolling inter-
pass time was 1 s. The end temperature of the finishing
roll was controlled at �860 �C. The experimental steels
were water-cooled to a coiling temperature of 600 �C
at 40 �C s�1, and then cooled slowly to room tempera-
ture in a furnace, to simulate the coiling process. For
the purpose of observing the evolution of the precipi-
tates in the austenite zone and the intragranular ferrite
nucleation sites, a Ti–V steel plate 7 mm thick was
soaked at 1150 �C for 2 h, and then water-quenched to
room temperature by an ultra-fast cooling (UFC) sys-
tem. Another cooling procedure was that the Ti–V steel
and Ti steel were water-quenched to room temperature
by UFC after finishing rolling at 860 �C, respectively.
Metallographic specimens were polished and etched
with 4% nital before the investigation by means of opti-
cal microscopy (OM), using a Leica DMIRM micro-
scope. For the purpose of measuring the volume
fraction of the precipitates, the steels quenched after
rolling were observed by OM after the specimens had
been finely polished and without etching, and the vol-
ume fractions, which were the average value of 20 differ-
ent fields, were determined by Image Pro-Plus analyzing
software. The samples were electrolytically polished
using perchloric acid in ethyl alcohol for electron back-
scattered diffraction (EBSD) observations via scanning
electron microscopy (SEM) on a FEI Quanta 600 instru-
ment. The SEM microstructure and the micro-area ele-
ment analysis were investigated on a JEOL JXA-
8230F-type EPMA equipped with wavelength dispersive
X-ray spectrometry (WDX). A TEM study was con-
ducted on thin foils on an FEI Tecnai G2 F20 equipped
with energy-dispersive X-ray spectroscopy (EDX) at an
accelerating voltage of 200 kV. The tensile tests were
conducted at room temperature on a Shimadzu AG-X
universal testing machine. The steel sheets were cut into
the dog-bone-shaped specimens, and the crosshead
speed was 3 mm min�1.
Figure 1. Orientation image maps and image quality maps of as-hot-
rolled Ti–V steel and Ti steel: (a) orientation image map of as-hot-
rolled Ti–V steel; (b) image quality map of as-hot-rolled Ti–V steel; (c)
orientation image map of as-hot-rolled Ti steel; (d) image quality map
of as-hot-rolled Ti steel.
Figure 1 shows the orientation image maps and im-
age quality maps of as-hot-rolled Ti–V steel and Ti steel
analyzed by EBSD. The microstructure of Ti–V steel
consists of ferrite with a grain size of 1–3 lm, and the
average grain size is 2.5 lm. The microstructure of refer-
ential single Ti steel is composed of ferrite with non-uni-
form grain size. The small grain size is �3–5 lm, while
the large grain size is within 5–8 lm, and the average
grain size is 5 lm. The yield strength, tensile strength
and elongation-after-fracture of Ti–V steel are 709,
827 MPa and 23.6%, respectively, and 570, 674 MPa
and 21.5%, respectively, in Ti steel. Compared with
the Ti bearing steel, the application of V increases both
strength and ductility. There is no observable change in
texture.

Figure 2 shows the OM microstructure and precipi-
tate morphologies of experimental steels quenched at
860 �C after rolling. The primary phases of both Ti–V
steel and Ti steel consist of the polygonal ferrite and
martensite formed by water quench, and the minor
phase is the precipitates with black spot morphologies.
As Ti–V steel, the polygonal ferrite not only forms at
the prior austenite grain boundary and deformation
banding, but also nucleates on the high volume fraction
of precipitates distributed inside pancaked prior austen-
ite grain, whereas, as Ti steel, the ferrite just generates at
the prior austenite grain boundary and deformation
banding. Some precipitates in the steel without etching
are smaller than those in the steel etched by nital, be-
cause the lower part is covered by the ferritic substrate,
while this method could accurately measure the volume
fraction of the precipitates owing to emergence on the
same polished surface. The volume fraction of the pre-
cipitates in Ti–V steel and Ti steel after rolling is
0.09% and 0.04%, respectively. The size of the precipi-
tates in Ti–V steel is larger than that in Ti steel.

Figure 3 shows the SEM morphologies of precipi-
tates. The size of the orbicular precipitate in the Ti–V
steel before rolling is �200 nm, as shown in Figure 3a.
The precipitate is determined as (Ti,V)(C,N) with a
small amount of V, N and S content, analyzed by
WDX. The V content of the precipitate is within 0.12–
0.21 (wt.%), while this low concentration is undetectable
by EDX. The size of the precipitates in the Ti–V steel
after rolling is within 220–250 nm, as shown in
Figure 3b. The precipitates are also (Ti,V)(C,N), and
Figure 2. OM microstructures and precipitate morphologies of exper-
imental steels quenched at 860 �C after rolling: (a) Ti–V steel etched by
nital; (b) Ti steel etched by nital; (c) Ti–V steel without etching; (d) Ti
steel without etching.



Figure 3. SEM morphologies of precipitates: (a) Ti–V steel quenched
at 1150 �C before rolling; (b) Ti–V steel quenched at 860 �C after
rolling; (c) Ti steel quenched at 860 �C after rolling.
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the V content in the center of the precipitate is equiva-
lent to that without rolling, and increases at the edge
of the precipitates. The precipitate in the Ti steel after
rolling is Ti(C,N) with a diameter of 100 nm, as shown
in Figure 3c. Thus, the addition of V stimulates the pre-
cipitation behavior of Ti bearing steel.

Figure 4 shows the TEM morphologies of (Ti,V)(C,N)
precipitates in Ti–V steel and the EDX analysis. The
coarse (Ti,V)(C,N) complex precipitate consists of a core
and a cap, as shown in Figure 4a. Judging from the EDX
results, the core part is TiC, and the V content is undetect-
able, while the cap part is (Ti,V)C, as shown in Figure 4b.
Combined with the results of the precipitate morphology
in Figure 3b and its accurate chemical composition anal-
ysis by WDX, the core part is Ti–C-rich (Ti,V)(C,N), and
the cap part is V–C-rich (V,Ti)(C,N). Here, the V-rich cap
means the V content is higher than that of the core, and
the Ti content is still higher than V. The coarse precipi-
tates act as the intragranular ferrite nucleation sites,
which inevitably consume Ti, V and C atoms, whereas
the high Ti–V content ensures enough residual atoms to
generate the high volume fraction of 3–5 nm (Ti,V)(C,N)
precipitates during the slow coiling process, as shown in
Figure 4c.

Craven et al. [15] and Hong et al. [16,17] studied the
precipitation behavior of Nb–Ti microalloyed steels.
The (Ti,Nb)(C,N) complexes consist of cuboid core
phase and multiple cap phases. The core part is undis-
solved Ti-rich (Ti,Nb)(C,N) and remains even after
reheating treatment; the cap part is identified as Nb-rich
(Nb,Ti)C formed in the holding process after the strain-
induced precipitation. The undissolved (Ti,Nb)(C,N)
acts as heterogeneous nucleation sites for the (Nb,Ti)C.
According to the solubility product of Ti–C and V–C in
austenite, as shown in Eqs. (1) and (2) [18,19], the com-
plete dissolution temperatures of TiC and VC in the Ti–
V experimental steel are 1171.2 and 768.7 �C, respec-
tively. The VC could be fully dissolved at 1150 �C, while
the TiC is partly dissolved. However, the existence of Ti
and N increases the precipitation temperature of VC,
Figure 4. TEM morphologies of (Ti,V)(C,N) precipitates in Ti–V steel
and EDX analysis: (a) complex (Ti,V)(C,N) precipitate in steel
quenched at 860 �C after rolling; (b) EDX analysis of cap of
precipitate; (c) fine precipitates in steel coiled at 600 �C and then
cooled to room temperature.
and the precipitation behavior of VC could also be stim-
ulated by heavy deformation. Therefore, the Ti–C-rich
core part of (Ti,V)(C,N) forms during the soaking pro-
cess, and the V–C-rich cap part of (V,Ti)(C,N) generates
by strain-induced precipitation.

Log½Ti�½C� ¼ �7000

T
þ 2:75 ð1Þ

Log½V �½C� ¼ �9500

T
þ 6:72 ð2Þ

For intragranular ferrite nucleation potency of TiN
and VN, Gregg and Bhadeshia [20] concluded that
TiN shows little efficacy in promoting ferrite transfor-
mation in carbon steels, based on the results of con-
trolled experiments with steel–ceramic pressure bonded
specimens and mineral phase powder added steel, also
proved by the experiment of Shim et al. [14]. TiN parti-
cles are less potent as nucleation sites, since the ratio of
crystal lattice misfit to ferrite is 3.8%, and in the case of
VN 1.3%. The very small lattice mismatch of VN with
ferrite facilitates ferrite nucleation [10,17]. Therefore,
the V-rich cap part forming on the Ti-rich core part
could increases the intragranular ferrite nucleation po-
tency in Ti–V microalloyed steel.

Generally, the most effective size of inclusions neces-
sary for intragranular nucleation ferrite is between 0.4
and 3 lm [2]. Owing to the small surface curvature and
large surface area, the large inclusions (>3 lm) are usu-
ally associated with nucleation of more than one ferrite
grain, while the small inclusions commonly nucleate one
ferrite grain. However, the nucleation occurs preferen-
tially in pairs or groups of particles, which may occur even
if the individual particles are below the critical size of
nucleation [21]. Ti is much cheaper than V, and it is diffi-
cult to obtain submicrometer VC by the strain-induced
precipitation during hot-rolling of commercial strip steel.
Therefore, the undissolved 200 nm TiC core acting as het-
erogeneous nucleation sites of the VC cap increases the
particles’ size, resulting in feasible intragranular ferrite
nucleation. Furthermore, the production cost signifi-
cantly decreases. Compared with TiN particles with sharp
tips, the spherical (Ti,V)(C,N) precipitates are harmless
to the toughness. The yield ratios of the Ti–V steel and
the Ti steel are 85.7% and 84.6%, respectively; thus the
variation in yield ratio is quite small. Generally, the yield
ratio is high in ultrafine-grained steels. However, despite
the high strength, the ductility can still be improved by
adding V, as the total elongation changes from 21.5% to
23.6%. The good ductility in the present case can be
attributed to the presence of fine dispersion of the
(Ti,V)(C,N) particles, effectively increasing the work
hardening rate by promoting the accumulation of geo-
metrically necessary dislocations around the particles
[5,22]. The cementite can hardly be obtained in the ul-
tra-low-carbon steel, while the effect of the fine cementite
is substituted by (Ti,V)(C,N) particles.

The yield strength increase by grain refinement
(DYSFG) can be estimated from Eq. (3), which is based
on the empirical equation proposed by Pickering [23].
As mentioned above, the average grain size of as-hot-
rolled Ti steel and Ti–V steel is 5 lm and 2.5 lm, respec-
tively. Therefore DYSFG is calculated as 102 MPa, and



956 J. Hu et al. / Scripta Materialia 68 (2013) 953–956
the residual 37 MPa is attributed to the effect of V on
nano-scaled precipitate hardening:

DYSFG ¼ 17:402ðD�1=2
F � D�1=2

C Þ ð3Þ
where the yield strength increase is in megapascals, and
the fine average grain size (DF) and coarse average grain
size (DC) are in millimeters.

The presence of a low-energy ferrite/V(C,N) inter-
phase boundary with the Baker–Nutting orientation
relationship ((0 01)a//(001)V(C,N)), [110]a//[100]V(C,N))
promotes the nucleation of intragranular ferrite on V
carbonitride precipitate [10,24]. The nucleation of intra-
granular ferrite can also be stimulated by the depletion
of the austenite stabilizing element C [25]. These two
factors might contribute to the main mechanism of
intragranular ferrite nucleation in Ti–V microalloyed
steel.

By means of adding 0.1V to 0.2Ti microalloyed steel,
the average grain size is refined from 5 to 2.5 lm, and
the yield strength increase by grain refinement is
102 MPa. Moreover, the elongation-after-fracture is im-
proved, and the yield ratio increases just slightly.

The 220–250 nm (Ti,V)(C,N) precipitates are the
nucleation sites of the intragranular ferrite. The core
part of the precipitate is the undissolved Ti–C-rich
(Ti,V)(C,N) during the reheating treatment, and the
cap part is V–C-rich (V,Ti)(C,N) formed by stress-in-
duced precipitation.

The V-rich cap part forming on the Ti-rich core part
increases the nucleation potency, owing to the low-en-
ergy ferrite/VC interphase. The 200 nm core part acts
as the heterogeneous nucleation sites of the cap part,
which resulting in the precipitates reaching the critical
nucleation size.

This work was carried out with financial sup-
port from the National Nature Science Foundation of
China No. 50527402.

Supplementary data associated with this article can
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