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Fine Grains and Small Particles of Steel

H. K. D. H. Bhadeshia

We are apparently in an age where everything that is small carries respect and is desired.
Tron and its alloys are no exception, witness the huge numbers of papers which proliferate with the adjective nano. It is interesting to

consider what happens when the size of steel is reduced, or when the grain size of a polycrystalline alloy is decreased.

Thin Films

Iron can be made small in many different ways, one of which involves the deposition of thin films on substrates. Most people know
that there are three crystalline forms of iron, body-centred cubic (ferrite), face-centred cubic (austenite) and hexagonal close-packed ( « -
iron). However, there are two further allotropes which can be created in the form of thin films. Face-centred tetragonal iron has been
prepared by coherently depositing iron as a thin film on a {1 0 0} plane of a substrate such as copper with which the iron has a mismatch.
The position of atoms in the first deposited layer in this case replicates that of the substrate. A few monolayers can be forced into
coherency in the plane of the substrate with a corresponding distortion normal to the substrate. This gives the deposit a face-centred
tetragonal structure. Growing iron on a misfitting {1 1 1} surface of a face-centred cubic substrate leads to trigonal iron.

Very thin films of iron retain their ferromagnetic character, but there are special effects due to the small dimensions. The magnetic
moment per atom becomes very large: 3.1 Bohr magnetons compared with 2.2 for bulk ferritic-iron. This is due to the smaller
coordination number for atoms in a thin film. The second effect is that magnetic anisotropy greatly increases for thin films because the
spins tend to align normal to the surface. The Curie temperature is greatly reduced, again because of the change in coordination. For a

monolayer of iron the temperature is just = 280 C .

Small Particles

Many classical studies of nucleation theory have been conducted on minute (5-1000 nm) particles of iron where defects responsible for
heterogeneous nucleation can be avoided. Such particles have acquired new significance in that they are exploited in the manufacture of
carbon nanotubes. The particles are deposited during the decomposition of ferrocene in chemical mixtures which also contain the
ingredients necessary to grow the tubes.

It is expected that the coarser particles will have the body-centred cubic crystal structure of ferrite, but it has to be appreciated that a 5
nm particle has about half its atoms at the surface. Metal surfaces are prone to reconstruction into a variety of two-dimensional
structures which will complicate the interpretation of the structure of the particle as a whole. The surface also plays another role, in that
it alters the total free energy of the particle leading to a depression of its melting temperature. It has been estimated that a 5 nm diameter

iron particle could melt at a temperature as low as 500 C . Indeed, examination of iron particles inside carbon nanotubes shows that they
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have shapes which may arise {rom melting.

Small metal particles in the size range 1-5 nm are close to a metal/insulator transition.

When observed at the tips of carbon nanotubes using scanning electron microscopy, the iron particles have shown a tendency to charge,
possibly indicating a loss of metallic behaviour.

There are circumstances where it is necessary to study pure austenite in iron at temperatures well below ambient. Austenite is not at all
stable when pure iron is cooled below about 910 ‘C. Pure iron can be retained in its austenitic state to very low temperatures by coherent
precipitation inside copper. Copper has a face-centred cubic crystal structure and hence prevents the coherent particles of austenitic iron
from transforming during cooling. This technique has been used to establish the antiferromagnetic nature of the austenite with a Neel
temperature of about -190 C (the austenite is ferromagnetic at high temperatures, with a Curie point of some 1525 C ).

Fine particles of iron also tend to be strong because the chances of finding defects such as dislocations diminishes as the size is
reduced. The theoretical tensile strength of iron single-crystals which are free from defects is about 21 GPa. A strength of 10 GPa was
achieved in fine whiskers of iron some 60 years ago by Brenner and others. However, the strength collapses when the size is increased.
The same lesson has recently been learnt by those involved in the manufacture of carbon nanotubes, where the theoretical strength is 130
GPa, but drops sharply to about 2 GPa once the length is increased. There is therefore, no carbon nanotube rope which is stronger than

steel once a size of 2 mm is exceeded.

Nanostructured Steel

Modern technologies allow steels to be made routinely and in large quantities with grain sizes of about 1 ¢ m. Limited processes,
generally involving severe thermomechanical processing, have been developed to achieve nanostructured ferrite grains in steel, with a
size in the range 20-100 nm. Experiments have revealed that the Hall-Petch equation holds down to some 20 nm, confirming that
enormous strengths can be achieved by refining the grain size. The equation begins to fail at grain sizes less than about 20 nm, possibly
because other mechanisms of deformation, such as grain boundary sliding, begin to play a prominent role. About 40 % of all the atoms
are located at the surface for a grain which is 1 nm in size!

Although the nanostructured steels are strengthened as expected from the Hall-Petch equation, they tend to exhibit unstable plasticity
after yielding. The plastic instability occurs in both tension and compression testing, with shear bands causing failure in the latter case.
It is as if the capacity of the material to work harden following yielding diminishes. The consequence is an unacceptable reduction in
ductility as the grain size is reduced in the nanometer range. At very fine grain sizes, the conventional mechanisms of dislocation
multiplication fail because of the proximity of the closely-space boundaries. It then becomes impossible to accumulate dislocations
during deformation. Grain boundaries are also good sinks for defects. This would explain the observed inability of nanostructured
materials to work harden.

However, a new invention in which a mixture of bainitic ferrite and austenite has been produced by transformation at temperatures as
low as 125 ‘C has changed the scenario for nanostructured steels. Here the plates of bainite are just 20 nm in thickness and separated by
films of austenite. The bainite obtained by transformation at very low temperatures is the hardest ever, has considerable ductility (almost
all of it uniform), does not require mechanical processing, does not require rapid cooling, the steel after heat-treatment therefore does not
have long-range residual stresses, it is very cheap to produce and has uniform properties in very large sections. In effect, the hard bainite
has achieved all of the essential objectives of structural nanomaterials which are the subject of so much research. Furthermore, it can be
used for making items which are large in all three dimensions.

Once again, steel leads the way in all things exciting.
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