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The phenomenon of grain refinement was studied in a steel containing 0.15% C, 0.32% Si, 1.4% Mn, and
0.43% V. Initial austenite grain size was found to be 50 µm, determined by quenching the specimen in an
iced brine solution from 1150 °C. Transformational grain refinement (TGR) was applied to give a rea-
sonable refinement in the grain size. A rolling reduction of about 67% was given to specimens at 900 °C,
which was followed by air cooling. Cold rolling and recrystallization of these specimens gave refinement
of grains down to 1 µm size was obtained. The electron backscattered diffraction (EBSD) technique was
used to determine low- and high-angle grain boundaries that are effectively used to determine the sub-
structure contribution at various stages of recrystallization.
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1. Introduction

There has been a considerable interest to produce steels with
more refined ferrite microstructure than conventionally pro-
duced by controlled rolling, to improve the tensile properties of
steel. The refined microstructure of the steel can be correlated
with tensile yield strength by the well-known Hall-Petch rela-
tionship as follows:

�y = �0 + kyd
−1�2 (Eq 1)

where �0 is the yield strength for material containing no grain
boundaries and ky is an experimentally determined coefficient.
Other benefits of grain refinement are improvement in fracture
resistance and superplastic behavior of steels with grain sizes
<10 �m. The engineering design was mostly based on the
ultimate tensile strength, which could be increased in normal-
ized products by raising the carbon content to have more pearl-
ite and by alloying, principally with manganese. Microalloying
with Nb and V allowed normalized grain sizes as fine as 10 �m
to be obtained in lower carbon, less-alloyed steels, with con-
sequent improvement in yield strength, toughness, and weld-
ability. This eventually led to a greater emphasis on yield,
rather than tensile strength, in design. These increased interests
in design have led to the ultra grain refinement of steels in
recent years.

Hodgson et al. (Ref 1-3) first introduced the transforma-
tional grain refinement (TGR) processing steel strip to obtain a
ferrite grain size of ∼1 �m in a substantial fraction of its vol-
ume. This process was applied to thin strips, 2 mm thick, using
hot reductions of approximately 40% to yield a product ∼1.2
mm thick. In torsion simulations, it was found that dynamic
recrystallization of ferrite in an interstitial-free steel, high-
speed rolling could reduce the grain size very close to 1 �m, as

a result of dynamic recrystallization (Ref 4). While rolling in
the two-phase region, where dynamic recrystallization is also
dominant, a grain size of 0.5 �m, leading to an average grain
size of 1.5 �m was obtained (Ref 5). Recently (Ref 6), by
varying the austenite grain size, the temperature of deforma-
tion, the rolling reduction, and the cooling rate after rolling, a
grain size of 1 �m was obtained in the surface layers of a
low-C, Nb-microalloyed steel. Priestner and Ibraheem (Ref 7)
achieved grain sizes <1.5 �m through the thickness of a
Nb-microalloyed steel rolled to approximately 2.5 mm using
similar processing. They also proposed that the static recrys-
tallization of hot band steel previously processed to a near-
ultrafine grain size might be further refined by cold rolling and
recrystallization.

In the present work, therefore, V-microalloyed steel has
been used to investigate the recrystallization of ferrite cold
rolled after initial TGR processing to near-ultrafine microstruc-
ture. Vanadium nitrocarbides are more soluble than niobium
nitrocarbides at low austenitizing temperatures used in the
TGR process and might be expected to precipitate during re-
crystallization after cold rolling. In addition, cold rolling might
increase dispersion of fine cementite inherited from the TGR
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processing, to the point where it can be proposed to contribute
by dispersion strengthening.

2. Experimental Procedures

The material used in the present studies was vanadium-
microalloyed steel, provided in the form of hot-rolled slabs.
The chemical composition of steels is as follows: C, 0.15; Si,
0.32; Mn, 1.4; P, 0.014; S, 0.009; Al, 0.04; N, 0.007; V, 0.43;
and Fe, balance.

The optical metallographic studies revealed that initial mi-
crostructure of the steel was mainly ferrite and pearlite, having
a minimum banded structure. To dissolve the alloying elements
in solid solution, all the specimens from three steels were aus-
tinitized at 1150 °C, followed by iced brine quenching. Prior
austenite grain size was measured by mean linear intercept
technique. The specimens were hot rolled at 900 °C to reduc-
tions of 64% with the final thickness of 3 mm. The plates were
then cold rolled to a reduction of about 70%, with a final
thickness of ∼1 mm. Small specimens of 6 × 15 mm were used
from the sheet along the rolling directions, for annealing at
different temperatures and times. The hot and cold rolling and
annealing schedule is presented schematically in Fig. 1.

After undergoing the standard techniques of grinding and
polishing, the specimens were etched in 2% nital solution and
Marshel’s reagent, to reveal the ferrite grain boundaries. Hard-
ness was measured in Vickers scale, using 1 kg load. The
electron backscattered diffraction (EBSD) technique was used
for the measurements of high-angle grain boundaries (HAGB)
and low-angle grain boundaries (LAGB) and their respective
spacing.

The vanadium precipitation study was conducted on trans-
mission electron microscopy (TEM), using thin-film carbon
replicas taken on the copper mesh.

3. Results and Discussion

3.1 Static Recrystallization after Cold Rolling

The hot-rolling processes that have been used to achieve
ultrarefinement of the ferrite grain structure depend on two

basic grain refinement mechanisms. The first is TGR, which
relies on the controlled application of deformation in the aus-
tenite phase field, to condition the austenite in such a manner
that it transforms to a greatly refined ferrite microstructure
during controlled cooling. The second is dynamic recrystalli-
zation of ferrite itself. In the present work, after austenitization
at 1150 °C followed by quenching in iced brine solution, the
grain size measured ∼50 �m. The TGR process with a rolling
reduction of 64% at 900 °C provided further grain refinement
and average grain size measured 2.8 �m. The grain refinement
by static recrystallization after cold rolling is a function of
recrystallization temperature, degree of prior deformation, and
grain size of prior deformation. Annealing after cold rolling,
although it promoted the grain refinement by using the stored
energy for recrystallization, has an adverse effect on hardness
as a result of recovery. The annealing response to hardness
after about 69% of cold rolling is presented in Fig. 2.

The hardness dropped smoothly but more rapidly at a higher
temperature, due to enhancement in the recovery process. In a
similar study on Nb microalloyed steels Priestner and Ibraheem
(Ref 7) observed two plateaus of hardness drop. They claimed
that hardness drop in the first plateau was not caused by re-
covery but instead was associated with abnormal grain growth.
The second plateau was caused by the sudden release of stored
energy, setting a different pattern of hardness drop. These pla-
teaus are absent in the current study, and hardness dropped
smoothly, which shows that V carbides precipitated in the early
stage of annealing and pinned the recrystallized grains, thus
retarding abnormal grain growth.

Figure 3 shows the TEM micrographs of V carbides taken
on the thin film carbon replica, trapped on the copper mesh.
The precipitates are mostly very fine but some coarsening was
also observed. The results of the chemical analyses of these
precipitates are presented in Fig. 4.

The peaks of copper are from the mesh used for catching the
carbon replicas containing the precipitates. The major problem
encountered in ultragrain refinement study was the poor tough-
ness of the product observed by Japanese researchers in Super
Metal Project, started in the late 1990s. A mixed microstructure
with HAGB and LAGB, with minimum coarsening even after
2 h of annealing (as found in 4V steel) can rectify the problem

Fig. 2 Dependence of hardness on the annealing time and temperature
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because vanadium carbonitrites pinned the grain growth more
effectively than Nb.

3.2 EBSD and Static Recrystallization

Figure 5 illustrates in a novel way the changes in the HAGB
and LAGB or substructure during annealing where HAGB de-
notes misorientation >15°.

The annealing process started with similar LAGB and
HAGB spacing, but the former increases with time were caused
by movement of dislocations, resulting in the merging of
LAGB. Similar trends were also observed at other annealing
temperatures. The HAGB were not increased much by increas-
ing the annealing temperature due to precipitation of V car-
bides and their pinning effect retarded the grain growth. In
plain carbon steel, where precipitation hardening effect is mini-
mum, HAGB should increase with LAGB spacing but HAGB

remained almost constant in the present results during anneal-
ing, depicting minimum coarsening of grains. Priestner and
Ibraheem (Ref 7) started the annealing process of Nb microal-
loyed steel at 600 °C with submicron grain size and after 60
min of annealing approximately 7 �m of grain size was ob-
served, but in the current study, the HAGB spacing increased
up to ∼3 �m after 30 min of annealing at 650 °C. In the current
study of V micoalloyed steel the process of annealing is much
slower than Nb microalloyed steel. It is caused by the presence
of LAGB or substructure, where even after 2 h of annealing, no
abnormal grain growth was observed, as in the case of Nb-
microalloyed steel.

4. Conclusions

Starting with the aim to study the grain refinement of V-
microalloyed steel, by employing TGR and static recrystalli-

Fig. 4 TEM analysis of the V precipitates taken from extraction replica

Fig. 3 TEM pictures showing V precipitates: (a) fine dispersion; (b) some coarser precipitate
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zation during annealing, the following conclusions were
drawn:

• The TGR process refined the grain size to a reasonable
extent, from 50 to 2.8 �m. The V precipitates dissolved in
the earlier process by annealing at 1150 °C, would have
precipitated out during heating to 900 °C and slowed down
the recovery during hot rolling.

• During annealing of cold-rolled specimens, enough stored
energy was provided for recrystallization, but the process
of abnormal grain growth was sufficiently slowed down
due to pinning of V precipitates. Therefore, V precipitates
effectively controlled the grain size.

• The drop in hardness value during annealing was quite
smooth, and no plateaus of hardness drop were observed,
as quoted in the literature for Nb-microalloyed steel.
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Fig. 5 Dependence of hardness and boundary spacing on annealing time at 600 °C
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