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Abstract. The ultra-fine acicular ferrite/bainite microstructures were experimentally obtained
through proper chemical composition design and advanced thermomechanical processing
schedules in pilot reversing mill. At the same time, the formation mechanism of ultra-fine
microstructures and its effects on the mechanical properties were analyzed by optical microscopy
and TEM technique. The experimental results indicate that: for the tested Mn-Mo-Nb-B ultra-low
carbon microalloyed steel, the size of bainitic packets less than 1 m and the average thickness
of pancakes (flatted prior austenitic grains) less than 5 m were produced when the compression
ratio reaches 7 in non-recrystallization region. The excellent properties, that is, tensile strength
R

m
>1000 MPa, the percentage elongation (%EL) A >14 % and charpy notch impact A

KV
>120 J

(-30 °C) have been achieved. The high strength accompanying better toughness of the ultra-fine
tested steel is correlated with the changes in substructures, i.e. the thickness of pancakes, the
width of bainitic packets and denser dislocations pinned by second particles.

1. INTRODUCTION

The demand for steels with high strength in the
structural and pipeline industries has led to the
development of high strength microalloyed steels
[1,2]. As well known, the refinement of grain size is
a promising way to improve both the strength and
the  ductility of steels [3-5]. Obviously, in order to
produce the steels with strength over 900 MPa, the
toughness should be taken into consideration
seriously. In recent years, most of the investigations
in this subject have been focused on the acicular
ferrite and bainitic packets distribution within the
austenite [6-8], however, the important role of
thickness of pancakes (flatted prior austenitic
grains) was not paid enough attentions to.
Accordingly, in the present research, the refinement
process was carried out on an Mn-Mo-Nb-B ultra-
low carbon microalloyed steel. The controlled rolling
followed controlled cooling (thermomechanical

processing) parameters were optimized to obtain
the pancaked austenite grains to the full extent.
Furthermore, the transformation takes place at larger
scope cooling rate to obtain ultra-fine acicular ferrite/
bainite mixed microstructures. Finally, the
relationships between microstructure and
mechanical properties were experimentally
discussed.

2. EXPERIMENTAL PROCEDURE

The material utilized in this investigation is melt in
50 kg vacuum induction furnace and was poured
int[ ing[t [f size 100 mm×100 mm×400 mm. The
chemical composition (wt.%) of the tested steel was
0.039C, 0.34Si, 1.94Mn, 0.018Ti, 0.33Mo, 0.44Ni,
0.094Nb, 0.52Cu, 0.0021B and balance Fe. The other
impurities were (wt.%): 0.0052P, 0.0014S, 0.0080N,
and 0.0066O. The ingot was reheated to 1230 °C
for 1.5 h followed by rolling process. Hot rolling was
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Start rolling in Finish rolling in Start rolling in   Finish rolling in    Start cooling      Finish
Recrys. region recrys. region non-recrys.region non-recrys. region cooling

   1200-1180     1130-1110       1000-980        810-790       810-790        370-350

Table 1. Pr[cessing parameters [f the tested steel in c[ntr[lled r[lling and c[ntr[lled c[[ling stages (°C .

Fig. 1. The refinement process at different compression ratios (a) 3, (b) 5, (c) 7, (d) 8, respectively, in tested
Mn-Mo-Nb-B steel.

conducted on a pilot reversing mill. The rolling sched-
ule was designed as a two-stage thermomechanical
processing. The first stage rolling was in the recrys-
tallized austenite region at higher temperature, and
the second stage was in the non recrystallized ones.
The compression ratios in non recrystallized region
were selected as 3, 4, 5, 6, 7, and 8 respectively.
The temperatures of controlled rolling and controlled
cooling were listed in Table 1.

Quantitative measurements of the thickness of
pancakes were made on the optical microscopy by
the mean linear intercept method. For each
c[nditi[n, at least 30 fields at 500× magnificati[n
were measured. Microstructures were characterized
by OM and SEM. Details of the bainitic laths and
second particles etc. in the specimen were obtained
by TEM. Mechanically polished samples were
etched in 2% Nital solution for the observation of
microstructures. 3 mm diameter discs were cut by
punch machine and were further polished by twin-
jet polishing technique using an electrolyte
consisting of 90% acetic acid and 10% perchloric
acid using 60-70 V at about -30 °C, prepared for
TEM observation.

3. RESULTS

3.1. Microstructural characteristics

Many kinds of intermediate phase transformation
microstructures happened during continuous cooling
for the low carbon microalloyed steels [9,10]. The
present investigated microalloyed steel belongs to
the Mn-Mo-Nb-B alloy system. Compared with the
continuous cooling microstructures, the austenitic
grains in the tested steel plate were flatted unevenly,
namely, the pancakes formed and internal packets
fined within the grains. The detailed microstructures
of subgrains can be distinguished by the higher
magnification optical microscope. Fig. 1d shows the
representative microstructures when the
compression ratio reaches 8 in non-recrystallization
region of the tested steel after being treated by
present investigation, In which the microstructures
were revealed by cross section paralleled to the
rolling direction. In Fig. 1d the microstructures of
the steel plate are mixtures of BF(bainitic
ferrite)+GB(granular bainite) accompanied by quite
few AF(acicular ferrite) phase, as arrow pointed. The
acicular ferrite(AF) can only be observed in the large
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Fig. 2. Effect of compression ratios on the thickness
of pancakes of austenitic grains and total elongation.

Fig. 3. Effect of the thickness of pancakes of
austenitic grains on the tensile strength and charpy
notch impact.

thickness of pancakes. It is quite difficult to make a
distinction among three kinds of phases due to the
thickness of pancakes becoming smaller. Besides,
it was easy to find the deformation bands of austenite
paralleled to the rolling direction.

Fig. 1. shows the variation of thickness of
pancakes at different compression ratios in non
recrystallization region. The thickness of pancakes
continuously decreases with increasing
compression ratios. The prior austenitic grain
boundaries can be observed clearly especially in
Figs. 1a and 1b (corresponding to the compression
ratio 3 and 5, respectively). However, as the
compression ratio reaches 7 and 8, the average
spacing distance of pancakes is less than 5 m
and tends to become unchanged. Obviously, the
growth of bainitic packets were restricted within the
paralleled flatted austenite grains after phase
transformation.

3.2. Mechanical properties

The amount of compression in non recrystallization
region has direct correlation with the variation of

thickness of pancakes, which gave rise to the
change of mechanical properties after controlled
rolling and subsequent cooling. Effect of
compression ratios on the thickness of pancakes
and total elongation is depicted in Fig. 2. With the
increasing values of compression ratio, the
thickness of pancakes decreased gradually, and
furthermore, the declining trend becomes slowly.
Whereas, the percentage elongation ( % EL) rises
steadily. As the compression ratio exceeds 7, the
thickness of the pancakes drops to 5 m
accompanied EL reaching over 14%.  Fig. 3.
presents tensile strength (R

m
) and impact toughness

(A
KV

) as the function of the thickness of pancakes.
Similarly, R

m
 and A

KV
 greatly increase with the

reduction of the thickness of pancakes. As the
thickness of the pancakes reduces to 5 m, the
A

KV
 (-30 °C) is also measured above 120 J, at the

same time, the R
m
 maintains above 1000 MPa.

As the control of deoxidizing and desulfurizing
process was not strict, so with higher contents of
impurity elements, and that with the non-uniformities
of microstructures in the investigated steel due to
the insufficient rolling force with experimental rolling

Fig. 4. TEM images of bainitic laths (a) and second phase particles (b) of the tested steel as compression
ratio reaches 8.
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mill, all mentioned factors influence the impact
toughness seriously. If those disadvantages could
be overcome in the industrial conditions, the values
of impact toughness will keep above 120 J (-30 °C),
which will meet the demand for the advanced
microalloyed steels.

3.3. Detailed observation of fine
structures by TEM

Fig. 4a reveals the bainitic laths with high dislocation
density by TEM observation. On the average, the
width of single bainitic lath is less than 200 nm. The
laths can be clearly divided and are not parallel to
each other. Furthermore, the high density tangled
dislocations forms within the laths or their
boundaries. Extremely fine spherical particles in size
less than a few nanometers have been seen under
higher magnification, as shown by the arrows in Fig.
4b, on condition that the specimen tilted to the two
beam interference position. The second phase
particles result from the continuous rolling in non
recrystallization region, i.e. strain-induced
precipitates. Therefore, the dispersive distribution
of particles and their interaction with dislocations
pinned the movement of dislocations.

4. CONCLUSIONS

(I) Through suitable chemical composition design
and optimized TMCP technology, the size of bainitic
packets less than 1 m and the average thickness
of pancakes (flatted prior austenitic grains) less than
5 m were produced when the compression ratio
reaches 7 in non-recrystallization region. The
comprehensive mechanical properties including
tensile strength R

m
>1000 MPa, the percentage

elongation (%EL) A >14 % and charpy notch im-
pact A

KV
>120 J (-30 °C) have been achieved.

(II) The high strength combined with better tough-
ness of the ultra-fine tested steel is closely associ-
ated with the changes in substructures, i.e. the thick-
ness of pancakes, the width of bainitic packets and
denser dislocations pinned by second particles.
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