Titanium-Rich Mineral Phases and the Nucleation of Bainite

J.M. GREGG and H.K.D.H. BHADESHIA

Experiments have been conducted to study the nucleation of bainite at interfaces between
ceramic compounds of Ti and low-alloy steel. To facilitate this, chemically pure compounds of
Ti were pressure-bonded to steel samples. The resulting composite samples were then heat-
treated to induce transformation and, hence, to compare transformation behavior in the vicinity
of the ceramic/steel interface to that within the bulk of the steel. It is found that a variety of
Ti oxides are effective in stimulating the nucleation of bainite, whereas TiN is not. The results
are interpreted in terms of the crystal structure and chemistry of the Ti compounds.

I. INTRODUCTION

HicHLY organized microstructures can often be
found in steels. Ferrite can, for example, grow in the
form of packets containing parallel plates, which are in
the same crystallographic orientation.!! Cleavage
cracks, or deformation processes, can therefore extend
across the packets, the effects of the individual plates
being minimal as far as mechanical properties are
concerned.

Some of the most exciting recent developments in
wrought and welded steel technology have involved
acicular ferrite.?! Far from being organized, this micro-
structure is better described as chaotic. The plates of
acicular ferrite nucleate heterogeneously on inclusions
and radiate in many different directions from these
“point” nucleation sites.>*! Propagating cleavage cracks
are therefore frequently deflected as they cross an acic-
ular ferrite microstructure. This, obviously, is beneficial
to mechanical properties.

Bainite and acicular ferrite are essentially identical in
transformation mechanism,”® the difference in mor-
phology arising because the former nucleates at austenite
grain surfaces (and hence tends to grow in organized
packets), whereas the latter grows in many directions
from inclusions. The inclusions are, therefore, the key
to the break up of packets.

A large number of experiments”®'® indicate that in-
clusions rich in Ti are most effective in acicular ferrite
production. A number of different mechanisms have
been proposed. It is rare, however, that the specific Ti
compound responsible for the observed effects is iden-
tified. This is because many of the compounds have sim-
ilar crystal structures and lattice parameters; when
microanalysis is used, elements such as C, N, and O are
either undetectable or cannot be estimated with sufficient
accuracy to determine the stoichiometric ratio with re-
spect to Ti. In reality, the nonmetallic inclusions tend
to consist of many crystalline and amorphous
phases!®!!:13-15:.17-211 5o that it becomes difficult to iden-
tify the particular component responsible for nucleation
of acicular ferrite.

These difficulties prompted Strangwood and
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Bhadeshia!” to conduct controlled experiments in which
pure ceramic phases were pressure-bonded to steel in
order to create interfaces that could be studied with con-
fidence. Effective ceramics should cause enhanced
transformation in the vicinity of the interface when com-
pared with the reaction within the bulk of the steel.
Because of the lack of adequate equipment, high-
hardenability steels were used so that only allotrio-
morphic ferrite formation could be examined. Here, we
report new experiments using a low-alloy steel to study
specifically the role of Ti compounds in stimulating
bainite (and hence acicular ferrite).

II. EXPERIMENTAL METHOD

The composition of the low-alloy steel used is shown
in Table I. Unless otherwise stated, Alloy 1 was used.
Its relatively high Si content suppresses the formation of
carbides, which might themselves cause heterogeneous
nucleation. The Mn and C concentrations give suffi-
ciently high hardenability to allow bainite to form with-
out interference from higher temperature reactions such
as the allotriomorphic ferrite transformation. The alloys
were received in the form of ~10-mm-diameter rods.
These were reduced by machining down to
8-mm-diameter rods. The bainite start temperature (Bs)
of the alloy was estimated using a method described
elsewhere.?? A more accurate value was obtained by
isothermal transformation experiments at temperatures
close to the calculated start temperature, after austeni-
tization at 1200 °C for 10 minutes. All heat treatments
were performed using a Thermecmaster thermo-
mechanical simulator. The equipment is computer con-
trolled, with computer data collection. The sample is
heated by a radio frequency (RF) coil, in an environ-
mental chamber. Standard thermal and mechanical treat-
ment involves spot welding a Pt-Rh thermocouple to the
steel specimen and placing it between the two ram heads
within the specimen chamber. The ram heads are then
lowered so that the specimen is held in position, sur-
rounded by the RF induction heating coil. The chamber
is then evacuated to a pressure of ~2 X 1072 Pa before
commencement of the computer-controlled thermal and
mechanical treatment. Microstructural —observations
showed that bainite was produced during transformation
at temperatures up to ~540 °C, with Widmanstitten fer-
rite occurring at higher temperatures. The Bs temperature
was therefore identified experimentally to be close to
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Table I. Chemical Composition of the Steels Used

Alloy C (Wt Pct) Si (Wt Pct) Mn (Wt Pct) Mo (Wt Pct) Al (Wt Pct) O (ppm) N (ppm)
Alloy 1 0.204 1.95 1.54 0 0.01 8 7
Alloy 2 0.30 0.15 <0.02 4.20 0 — —

~540 °C, which compares with the calculated value of Steel

~560 °C.1#2

High-purity powders of TiN, TiO, Ti,O;, and TiO,
were obtained from various chemical synthesis compa-
nies. The Ti compound was placed between two 6-mm
lengths of the steel rod, as shown in Figure 1. In some
of the early experiments, the center of the lower cylinder
was drilled out to a depth of 2 mm to accommodate the
mineral powder. In later experiments, this was deemed
unnecessary, as it involved extra machining and pro-
duced a less intimate steel-mineral interface. Using the
Thermecmaster, the steel-mineral assembly was heated
to 1200 °C for 10 minutes, during which a compressive
load of 400 N (~8 MPa) was applied. This was found
to be sufficient to cause the mineral and steel to bond.
After the 10 minutes at high temperature, the load was
removed and the specimen was gas-quenched (using
either He or N) at ~40 °C s~ ' to 510 °C s™' (i.e., below
By). It was held for 25 seconds at this temperature before
further gas quenching to room temperature.

The bonded specimens were then sectioned in a plane
normal to that of the ceramic/steel interface using a
Struers Accutom-2 precision high-speed saw. They were
hot-mounted in conductive BAKELITE,* and prepared
for metallography by grinding using SiC paper and pol-
ished using 6-um diamond paste, before etching in 2 pct
Nital. It was found that on some occasions, a part of the
oxide that was originally bonded to the steel was re-
moved during metallographic preparation. This is not a
serious problem because most of the observations were
on the steel, and in any case, many regions could be
found where the oxide remained connected to the steel.
Scanning electron microscopy (SEM) and microanalysis
were carried out using CAMSCAN S2 and S4; the latter
is equipped with an energy dispersive X-ray (EDX) anal-
ysis unit. Transmission electron microscopy (TEM) was
conducted on a PHILIPS** 400T (with EDX), 400ST,

*BAKELITE is a trademark of Union Carbide Corporation,
Danbury, CT.

**PHILIPS is a trademark of Philips Electronic Instruments Corp.,
Mahwah, NJ.

and JEOL 2000FX (with thin-windowed EDX).

III. RESULTS AND DISCUSSION

Each of the various combinations of ceramic and steel
were found to be quite different in their response to heat
treatment and are discussed separately.

A. Titanium Dioxide: TiO,

Figure 2 reveals that the steel near the TiO, layer
shows a lot more bainite than the bulk of the steel away
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Fig. 1 — Schematic diagram of the steel-mineral arrangement.
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Fig. 2— Optical photomicrograph of the TiO,-steel interface region.
There is clearly more bainite present adjacent to the mineral than else-
where in the steel.

from the ceramic/steel interface. It would therefore ap-
pear to be very potent in nucleating bainite. Closer ex-
amination showed that the bainite does not emanate
directly from the TiO,-steel interface. The presence of
TiO, causes the production of a zone of allotriomorphic
ferrite ~15 to 20-um thick (Figure 3), which contains
amorphous spherical particles (Figures 4 and 5). These
were found, using microanalysis, to consist almost en-
tirely of Si and O. A typical EDX trace of these particles
taken on TEM is shown in Figure 6. Such spherical par-
ticles are probably amorphous silica.

It is clear that O has diffused over a distance of some
20 um from the TiO, into the steel. Similar effects were
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Fig. 3—Optical photomicrograph of the ferrite and SiO, particles
produced adjacent to the TiO,.

Fig. 4— TEM photomicrograph of typical silica particles.

not found at the surfaces of the steel that were not in
contact with the ceramic, confirming that the observed
phenomenon is induced by the ceramic (Figure 7).

In order to show that it is the property of TiO, to cause
oxidation, which in turn induced the ferrite, silica, and
bainite production, another O-producing mineral was
tested in the bonding experiments—KNO; (a mineral
that decomposes to give O at 400 °C).1**** The decom-
position of KNO; produced bainite nucleation, as shown
in Figure 8. The particle layer observable in the figure
is composed predominantly of silica particles—the high
Si content of these particles was observed using
SEM EDX (Figure 9). These particles are contained
within a ferrite layer (Figure 10). Thus, the decompo-
sition of KNO,, and consequential exposure of the steel
to O, produced the same salient “reaction zone” features
displayed at the TiO,-Alloy 1 interface.
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Fig. 6—TEM EDX trace (using thin-windowed detector) of the par-
ticles present in the ferrite layer produced adjacent to the TiO,.

Line of steel-steel bond

Fig. 5— Diffraction produced from a silica particle illustrating its
amorphous nature.
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Fig. 7— Optical photomicrograph of a steel-steel interface produced
by pressure bonding. As can be seen, no reaction zone is produced.
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Furthermore, exposure of the steel to water vapor at
1200 °C also caused a reaction zone adjacent to the free
surface (Figure 11). It seems, therefore, that it is the
ability of TiO, to cause oxidation of the local steel Alloy
1, which is responsible for the nucleation observed.

Line profiles of substitutional element concentrations
were taken perpendicular to the TiO,-steel interface in
order to investigate any effects the O may have on steel
hardenability. A typical observed profile can be seen in
Figure 12. There is an apparent depletion of Mn and Si
in the reaction zone adjacent to the TiO,. The depletion
of Si seems likely to be caused by the formation of the
silica particles within this reaction zone. The depletion
of Mn is likely to be caused by its expulsion from the
growing allotriomorphic ferrite. For this to be so, a peak

Fig. 8— SEM photomicrograph of the KNO;-Alloy 1 interface show-
ing the bainite produced local to the KNO;. The observable particles
are predominantly silica.
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Fig. 12—SEM EDX line profile showing the variation in substitu-
Fig. 10— SEM photomicrograph illustrating the ferrite layer that sur- tional element concentrations with distance from the TiO, layer for
rounds the Si-rich particles produced by the KNO;. Alloy 1.
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in the Mn concentration beyond the ferrite/bainite inter-
face would be expected. This cannot be observed. How-
ever, it should be noted that the SEM EDX system
samples an area ~5 um in diameter so that a peak in
Mn will not be observable if situated close to a trough,
since the peak and trough will be sampled, for the most
part, simultaneously. It is suspected that the lack of ob-
servation of such a Mn peak is due to the poor resolution
of the SEM EDX system. Apart from this substitutional
depletion within the reaction zone, the O presence seems
to have had no other effect.

Although the Si and Mn depletion may be explained
by the formation of the ferrite and silica layer, it may
be that the O presence affected the substitutional ele-
ments in the austenite prior to the formation of the fer-
rite. In order to investigate this possibility, TiO, was
bonded to Alloy 1 at 1200 °C for 10 minutes, -as before,
and then water-quenched to room temperature. It was
hoped that such rapid quenching would prevent the for-
mation of any ferrite, so allowing observation of the ef-
fects on substitutional element concentrations produced
due to the O penetration alone. As shown in Figure 13,
the formation of a reaction zone was not totally sup-
pressed, even at the cooling rates produced by water
quenching (~400 °C/s).

The extent of growth of the reaction zone was, how-
ever, reduced to a mere 3 to 4 um. Figure 14 shows that
the Mn and Si were unaffected outside of the thin re-
action zone, proving that the changes in concentration
are caused by the formation of ferrite and silica, rather
than by something that happens in the austenitic condi-
tion during heat treatment at 1200 °C. The O that pen-
etrates the steel during the 1200 °C treatment precipitates
silica, and it is speculated that it removes carbon from
the austenite near the ceramic. This induces ferrite for-
mation that rejects Mn as it grows.

To further validate this hypothesis and demonstrate
that the formation of silica is not necessary for the pro-
duction of bainite, a further experiment was conducted
using a low-Si steel (Alloy 2, Table I).

The By of Alloy 2 was estimated in the same way as

Fig. 13— SEM photomicrograph of the reaction zone produced adja-
cent to TiO, when water-quenched from 1200 °C. The ferrite and sil-
ica layer is still present, but its growth has been reduced to ~3 to
4 pm.
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for the previous alloy, using the computer software fol-
lowed by a series of isothermal transformations. For this
alloy, the true Mo concentration was too high for the
range of the computer program, and therefore, an esti-
mated By was calculated on the basis of 1.5 wt pct Mo.
This gave a Bs of ~570 °C. Experimentally, it was found
to be ~510 °C in the 4.2 wt pct Mo alloy. Partial trans-
formation of the bonded TiO,-Alloy 2 specimens was
performed at 480 °C for 55 seconds. This time, no re-
action zone was found, nor was any layer of the allotrio-
morphic ferrite at the ceramic/steel interface. The oxide
nevertheless stimulated for the formation of bainite
(Figure 15).

A line profile of the concentrations of Si and Mo pro-
duced adjacent to the TiO, layer in Alloy 2 is shown in
Figure 16. Because of the lack of any reaction zone in
this alloy, the effects produced by oxidation alone may
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Fig. 14—EDX profile showing the Mn and Si concentrations away
from the TiO, layer in the water-quench experiment.
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Fig. 15—Optical photomicrograph of the TiO,-Alloy 2 intertace
region. Bainite is produced without the production of a ferrite and
silica layer.
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Fig. 16—EDX line profile of the Mo and Si concentrations away
from TiO, in Alloy 2.

be observed. Clearly, there is very little, if any, effect
on the substitutional elements due to the presence of O.

So, it seems that TiO, induces nucleation of ferrite and
bainite in the region of the steel adjacent to it by causing
the diffusion of O into the steel. Such O presence seems
to have little direct effect on the substitutional element
concentrations within the steel; although, in Alloy 1, it
did cause the formation of silica particles. However, as
shown in Alloy 2, the presence of such silica particles
is not necessary for the production of bainite. It is sug-
gested that the O presence within the steel may induce
decarburization, making the austenite more amenable to
ferrite formation. The details of this hypothesis remain
to be proven.

B. Titanium Sesquioxide: Ti,O;

The characteristics of the Ti,O; as a stimulant for
bainite nucleation were found to be similar to those of
TiO, (Figure 17). However, the presence of Ti,O; did
not produce the layer of allotriomorphic ferrite nor any
silica particles. Furthermore, SEM microanalysis re-
vealed that the presence of Ti,O; caused the long-range
depletion of Mn in the steel local to the mineral layer.
Figure 18 illustrates a typical concentration profile,
which was verified on four separate occasions. Note that
no Si depletion was observed, consistent with the ab-
sence of any silica particles.

Figure 19 shows that the oxide, in fact, is a sink for
Mn; the associated depletion of Mn in the adjacent steel
must then cause the enhanced formation of bainite.

Note that the scale of the Mn-depleted zone depends
very much on the quantity of oxide available as a sink.
Ti,0; is often stated to be a good nucleant for acicular
ferrite, but the particles involved are then rather small
so that the scale of any depletion is expected to be much
smaller by comparison.
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Fig. 17—SEM photomicrograph of the interface region between
Ti,O, and the steel. Bainite production is enhanced by the interface
but without the production of a ferrite and particle layer.
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Fig. 18 —SEM EDX concentration profile showing the relative
depletion of Mn caused by the Ti,O, mineral layer.

C. Titanium Nitride: TiN

The TiN-steel interface is shown in Figure 20. Under
an optical microscope, it seems that this interface does
not enhance the nucleation of bainite in the steel adjacent
to it. The SEM examination confirms that little, if any,
extra inducement for transformation occurs adjacent to
TiN than elsewhere in the steel. Certainly, the level of
bainite production caused by the TiN-steel interface is
meager when compared with that caused by TiO, and
Ti,0;-steel interfaces. It would, therefore, seem that TiN
is not an active nucleant for the production of acicular
ferrite in real steel systems. This is contrary to the sug-
gestions of Barbaro et al.,!"” Watanabe and Kojima,!'*!
and Kluken and Grong.!?!

D. Titanium Monoxide: TiO
The TiO-steel combination is similar to the Ti,O;-steel
interface, in that it induces the nucleation of bainite in
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Fig. 19—SEM EDX concentration profile across the Ti,O; layer
showing the presence of Mn within this layer.

Fig. 20— Optical photomicrograph of the interface region between
TiN and the steel. There is little, if any, extra inducement to form
bainite adjacent to the TiN than elsewhere.

the adjacent steel (Figure 21). There is also an absence
of the layer of allotriomorphic ferrite and SiO, particles
that occurred with the TiO,. However, unlike the Ti,Os,
SEM EDX indicates that the presence of TiO does not
significantly affect the substitutional solute concentra-
tion in the adjacent steel (Figure 22).

The observation that TiO does cause bainite nucle-
ation from its surface is in agreement with earlier
work!(1%17) where it is argued that TiO is effective as a
nucleant because it has a good lattice match with ferrite.
In the present context, TiN also offers a good lattice
match for ferrite and yet does not appear to enhance
bainite nucleation.

The true mechanism by which TiO causes the nucle-
ation of bainite when pressure-bonded to steel is, there-
fore, still under consideration and obviously requires
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Fig. 21 —Optical photomicrograph of the interface between TiO and
the steel. Bainite nucleation adjacent to the mineral layer is evident,
and no ferrite and particle layer has been produced.
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Fig.‘ 22— SEM EDX concentration profile of substitutional elements
in the steel with respect to the distance from the TiO layer.

further investigation with a much wider range of min-
erals. Nevertheless, the bonding experiments have
clearly shown that TiO may cause the nucleation of bain-
ite from its surface. Table II summarizes some of the
features of the Ti minerals tested in the bonding exper-
iments. There are several points to note.

(1) Note the similarity in structure and lattice parame-
ters between TiO and TiN. TiO does cause bainite nu-
cleation in the context of these experiments, whereas
TiN does not. If lattice matching between TiO and the
ferrite structure causes it to nucleate bainite, then TiN
should also be able to cause nucleation.

(2) The heat of formation of TiO, is less than that of
Ti,0,. Thus, the production of O vacancy defects in
TiO,, the loss of O, and the eventual formation of Ti,O3
may be rationalized.
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Table II. Summary of Some of the Properties of the Ti Minerals Tested in the Bonding Experiments!*>-2*

Melting Point

Boiling Point

Lattice Poarameters

Mineral —AH; /) mol ™! °C) °C) Lattice Type (A)
TiO 518.7 1750 3000 cubic F a=4.18
T14203 1520 decom. 2130 — hex. P a=15.15,¢c = 13.64
TiO, 941.0 1830 to 1850 2500 to 3000 tetr. P a =459, ¢c=296
TiN 305.4 2930 — cubic F a=4.24

(3) TiO has a lower heat of formation than either TiO,
or Ti,O; and would therefore seem more likely to
“react” with Alloy 1 than either of the other two oxides.
This is contrary to our observations and indicates that
the ability of the ceramic to react with steel requires
more detailed analysis.

IV. SUMMARY AND CONCLUSIONS

A technique has been established that allows the sys-
tematic study of the ability of oxides and other com-
pounds to stimulate the nucleation of bainite. Using this,
it was demonstrated that TiO,, Ti,O;, and TiO are all
effective in enhancing the formation of bainite in the ad-
jacent steel. The mechanism by which each compound
stimulates ferrite nucleation is found to be different in
detail.

1. TiO, appears to induce transformation by oxidizing
the steel at elevated temperatures. Exactly how the
oxidation process causes nucleation is not clear, but
it may involve a decarburization of the steel.

2. Ti,0; appears to act as a sink for Mn and, hence,
causes a reduction of Mn levels in the steel that sur-
rounds it. Manganese is known to retard the trans-
formation of steel to ferrite, and so any depletion in
the steel has the opposite effect.

3. TiO is found not to be reactive in the sense discussed
in 2, nor does it act as a sink for elements such as
Mn. It nevertheless enhances the nucleation of bain-
ite, although the mechanism by which this happens
is not clear since its lattice match with ferrite is sim-
ilar to that of TiN, which does not stimulate bainite
formation.

In contrast to these Ti oxides, TiN appears to show little
efficacy in inducing bainite transformation in adjacent
steel.

On the basis of these results, it would seem that it is
Ti oxides and not nitrides that are important in causing
the formation of acicular ferrite in welded and wrought
steels. The mechanisms by which such oxides cause nu-
cleation seem to be dependent on their stoichiometry.
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