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Superior Properties of
Ultra-fine-grained Steels

J. I. Leinonen

A description of the improved mechanical properties obtained in ultra-fine-grained steels up to now will be presented in this paper, and some
potential applications of these new generation steels will be described. In addition, the principle and implementation of a novel hot rolling
process developed by the author will be introduced. This novel Thermomechanical Nonrecrystallisation Control Process (TNCP) has been
shown to give an ultra-fine ferrite (uff) structure with grain sizes of 2 to 3um in various test steels, thus resulting in super-toughness.
Charpy V impact test results suggest that some of these steels could still be tough at temperatures lower than —100 °C. This novel process,
TNCP, is one potential candidate for the commercial production of superior ultra-fine-grained steels in the future.
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1 Introduction

Steel is nowadays a very suitable material for many struc-
tural uses because of its low cost, good formability, variable
strength with good toughness, and good weldability. Still
better steels are required, however, because those available at
present do not meet the high standards of this century.

Ultra-fine ferrite (uff) microstructures with grain sizes
usually not more than 3 pm (0.003 mm) have been shown to
result in superior combinations of mechanical properties,
much better than those in the present steels with grain sizes of
about 5 to 20 um. High strength, excellent impact tough-
ness even at very low temperatures, and very good fatigue
strength together with good formability and weldability can
be obtained at the same time in an ultra-fine grained steel.
Most of the test steels used in numerous investigations world-
wide have been produced on a laboratory scale, but a few have
been made in commercial plate mills.

Numerous research projects to develop still better struc-
tural steels, e.g. “ultra steels” or “super steels”, have been
commenced all over the world since the mid-1990s, espe-
cially in Asia (e.g. Japan, South Korea, China), Australia and
Europe. One of the main goals of Japan’s enormous national
10-year “ultra steel project”, for example, is to achieve a
strength level of 800 MPa for unalloyed silicon-manganese
steels [1, 2]. This means that the grainy microstructure of
the steel will have to be much finer than at present. The
aim of most current projects is to achieve an ultra-fine grain
structure, with a grain size usually of not more than 3 pum
(0.003 mm), in conventional steels. This is assumed to ensure
high strength and very good toughness even at very low
temperatures [3]. Novel processes for producing these
ultra-fine-grained steels have been developed lately, e.g. in
Japan [2], Finland [4, 5] and Australia [6].

A description of the improved mechanical properties ob-
tained in ultra-fine-grained steels up to now will be presented
in this paper, and some potential applications of these new
generation steels will also be described. In addition, the prin-
ciple and implementation of a novel hot rolling process,
TNCP [4, 5], developed by the author will be introduced.
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2 Superior properties of uff steels

Ultra-fine-grained steels have often been shown to have
mechanical properties superior to conventional structural
steels with common microstructures. Yield strength and fa-
tigue strength have been shown to increase markedly with
reduced grain size, and impact toughness has improved radi-
cally. The effect of ferrite grain size on yield strength and
impact transition temperature (tough/brittle), extrapolated to
ultra-fine grain sizes, is shown in Fig. 1.
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Fig. 1: Dependence of yield strength (YS) and Charpy impact
transition temperature (ITT) on ferrite grain size, extra-
polated to ultra-fine grain sizes [7]

The main attention in the new research work that arose in
the 1990s regarding the benefits of ultra-fine-grained steels
was paid to higher yield and tensile strength. One of the main
goals of Japan’s enormous national 10-year “ultra steel pro-
ject”, for example, was to achieve a strength level of 800 MPa
for unalloyed silicon-manganese steels [1, 2]. This means
that the ferrite grain size should be about 0.5 pm (Fig. 1).
A stronger but lighter steel will contribute to improving the
fuel efficiency of automobiles and increasing the thermal effi-
ciency of power generation plants, as well as reducing carbon
dioxide emissions [2].
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It is problematic in practice, however, to use uff steels with
1 wm or smaller grain sizes in real structures, because these
would involve a substantial reduction in uniform elongation
and very little work hardening occurs [8]. Therefore the fer-
rite grain size should preferably be 2 to 3 um or a little more,
but this in turn would result in lower strength than a grain
size of 1 um. This drawback can be mainly eliminated by
producing low carbon steels with bainitic or even martensitic
microstructures, having higher original strength. In this
case maximum vyield strengths of about 1000 MPa may be
achieved as well as good impact toughness and reasonable
weldability [5].

An ultra-fine grain structure has been shown in various
steels to result in super-toughness. The impact toughness
transition temperatures of these steels have been radically
lowered as the grain sizes were reduced from about 10 pm to
2 to 3 um by TNCP [9]. Their good toughness at very low
temperatures means that these steels could very well be called
“ultra-arctic”, for example, and could be employed in various
structures used at very low temperatures, e.g. in arctic regions.

For a low-carbon high-manganese test steel, the absorbed
energy in the Charpy V impact test at =85 °C, the lowest
temperature used, was 96 ] (Fig. 2), a quite exceptional
toughness for a structural steel, whereas the corresponding
energy before the treatment was only 8 J. Likewise, the differ-
ence in transition temperature between the original and
treated materials was at least 40 °C. Due to the limited cooling
capability, it was not possible to measure the exact transition
temperature of the ultra-fine structure, but Fig. 2 suggests
that it could be —100 °C or even lower.
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Fig. 2: Absorbed energy in the Charpy V impact test at various
temperatures after conventional hot rolling (o) and after
TNCP, a novel hot rolling process (x). Steel A: 0.05 % C,
0.1 % Si, 2.5 % Mn [9]

The absorbed impact energy of a medium-carbon steel
with a pearlitic-ferritic microstructure is known to be much
lower than that of a low-carbon steel with a ferritic or ferrit-
ic-pearlitic structure, and its impact toughness transition tem-
perature is fairly high. This poor toughness is mainly due to
the high proportion of brittle pearlite in the microstructure.
TNCP treatment was shown to improve the impact toughness
of a medium-carbon test steel as well, by bringing down the
transition temperature sharply, as shown in Fig. 3.
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Fig. 3: Absorbed energy in the Charpy V impact test at various
temperatures after conventional hot rolling (o) and after
TNCP, a novel hot rolling process (x). Steel B: 0.33 % C,
0.3 % Si, 1.2 % Mn [9]

In addition to impact toughness and tensile/yield
strength, the fatigue strength of ultra-fine-grained steels has
also been found to be superior to that of conventional steels.
Test specimens from steel plates with ultra-fine-grained sur-
face layers (SUF) steels exhibited not only higher resistance
to fatigue crack initiation and early propagation, but also
superior resistance to the propagation of long fatigue cracks
[10]. SUF steel plates have already been employed in impor-
tant members of large structures such as large ships, and the
microstructure also has superior fatigue strength in artificial
sea water compared with a conventional microstructure [11].

Weight reduction and rigid auto-bodies have been exam-
ined extensively in the automotive industry in recent years,
from the viewpoints of environmental protection and im-
provement of collision safety. Some high strength, high
elongation tubular products based on ultra-fine grain metal-
lurgy have been developed in order to meet this demand [12].

Advanced steel structures to be manufactured from
ultra-fine-grained steels will usually be built by welding. Ef-
ficient joining processes with low heat input and narrow
width of the heat affected zone (HAZ) have to be used to
obtain high-performance welded structures while preserving
an ultra-fine microstructure. Laser welding [13] and ultra
narrow gap GMA welding [14], for example, have been shown
to be adequate processes.

3 How to produce ultra-fine-grained
steels

Novel processes for producing ultra-fine-grained steels
have been developed lately in many places, e.g. in Japan [2],
Finland [4, 5] and Australia [6].

A detailed description of TNCPE, a novel hot rolling
process (patent pending) developed by the author (Fig. 1)
which results in an ultra-fine grain size [4], is given here.

In TNCP, the steel is first heated to above the A g tempera-
ture to transform it to a homogeneous austenitic structure.
The annealing temperature is often not more than 1000 °C,
and in any case not more than 1150 °C, in order to prevent

http://ctn.cvut.cz/ap/




Acta Polytechnica Vol. 44 No. 3/2004

Ac3

/ X

Temperature

Time

Fig. 4: Schematic time-temperature cycle for producing an ul-
tra-fine grain structure in unalloyed and low-alloy steels
by TNCP [9]

excessive growth of the austenite grains. The holding time at
that temperature is also constrained, because the austenite
grain size before rolling must be less than 20 um, and prefera-
bly 10 um or less.

The steel is then cooled below the non-recrystallization
temperature, 7', for hot rolling. 7}, depends on the steel
composition and is often even above the A 5 temperature, but
usually not more than 1050 °C. The structure of the steel at
this point is austenitic, but no substantial recrystallization of
the flat, elongated austenite grains occurs during hot rolling,
which can also be continued below the A, 5 temperature. The
total reduction ratio to be achieved in rolling can be rather
low, too, but usually not less than 20 to 30 %.

After rolling, the steel is cooled below the A g and A tem-
peratures at which the austenite grains will be transformed
to various phases. During this cooling and transformation,
the prolonged austenite grains change to ultra-fine grains
of ferrite, pearlite, etc., depending on the steel composition
and cooling rate.

An example of an ultra-fine-grained microstructure pro-
duced by TNCP is shown in Fig. 5. The grain size was about
3 pum. The microalloyed test steel contained 0.08 % carbon,
0.20 % silicon, 1.68 % manganese and 0.04 % niobium, and
it was in the conventional hot-rolled state before treatment.

Fig. 5: Microstructure of the ultra-fine-grained TNCP metal
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TNCP treatment was carried out according to the princi-
ples shown in Fig. 4. Specimens of thickness 8 mm were
heated to the austenite region in an air furnace (900 °C,
30 min) and then cooled to 800 °C. Hot rolling with one pass
was carried out at this temperature using a laboratory roller
with a reduction ratio of 36 %. After rolling, the specimens
were cooled in a water spray at a rate of about 15 °C/s.

The Charpy V impact toughness of the TNCP steel was
still very good (114 J) at —90 °C, the lowest test temperature
used. It can be proposed that this steel is still tough at least
at-100 °C.

4 Conclusions

The superior mechanical properties obtained in ultra-
-fine-grained steels and a novel hot rolling process, TNCE,
for producing these steels as introduced here, lead to the
following conclusions:

1. Tensile/yield strength can be markedly improved by
producing steels with ultra-fine grain sizes of usually not
more than 3 pm.

2. High absorbed energies also occur in the Charpy V impact
test at very low temperatures, thus showing the
super-toughness of these ultra-fine-grained steels.

3. Anovel hot rolling process, TNCP, is one potential candi-
date for the commercial production of ultra-fine-grained
steels in the future.
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