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Fig. 9.6: Continued .
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Fig. 9.6: Effect of stored energy upon carbon content of austenite for the steels m

Table 9.1.
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Fig. 9.7: Calculated and experimental growth rates of Widmanstiitten ferrite plates.

Experimental data due to Hillert, [1960J and growth rates calculated using carbon dif-

fusion controlled growth rate theory assuming a plate morphology of Widmanstiitten

ferrite and taking into account a stored energy of 50 J mol-I.
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Fig. 9.8: Combined graph of calculated and experimental growth rates of Wid-

manstiitten ferrite plates. Experimental data due to Hillert, (1960} and growth rates

calculated using carbon diffusion-controlled growth rate theory assuming plate mor-

phology of Widmanstiitten ferrite and taking into account a stored energy of 50 J
mol-I.
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Fig. 9.9: Comparison of experimental (curve 1) and calculated bainite growth rates.

Curves 2-4 are calculated using stored energies of 0, 50, 400 J mol-1 respectively.

The experimental data are due to Goodenow et al. [1969 j.
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Fig. 9.10: Comparison of experimental (curve 1) and calculated bainite growth rates.

Curves 2-4 are calculated using stored energies of 0, 50, 400 J mol-1 respectively.

The experimental data are due to Rao and Winchell [1961]'
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Fig. 9.11: Comparison of experimental (curve 1) and calculated bainite growth rates.

Curves 2-4 are calculated using stored energies of 0, 50, 400 J mol-1 respectively.

The experimental data are due to Oblak and Hehemann [1g67} (Table g.1 steel-22).
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Fig. 9.12: Comparison of experimental (curve 1) and calculated bainite growth rates.

Curves 2-4 are calculated using stored energies of 0, 50, 400 J mol-l respectively.

The experimental data are due to Oblak and Hehemann !1967j (Table 9.1 steel-23)
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Fig. 9.13: Comparison of experimentally measured growth rate of bainite sheaves

with the growth rates calculated by carbon diffusion-controlled growth theory.

It is evident from a comparison of the experimental data with the 4th curve on

each figure, that the growth rate of bainite sheaves always exceeds that expected

on the basis of carbon diffusion-controlled paraequilibrium transformation. This

might intuitively be expected to be the case since there are now considerable data

to indicate that bainite forms by diffusionless transformation, the excess carbon

in the bainitic ferrite being partitioned or precipitated subsequent to transforma-

tion [Bhadeshia and Waugh, 1982, Christian and Edmonds, 1984]. However, the

lengthening rate of a sheaf of bainite does not depend just on the rate of subunit

lengthening, but also on the rate at which new subunits are nucleated. The overall

lengthening rate of a sheaf may in fact be very low if the nucleation rate of subunits

is sufficiently small, even though individual subunits may grow rapidly.

If it is assumed that a subunit reaches its limiting size in a time interval t, and
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that the time .6.t elapsed before another subunit nucleates at the tip of the original

subunit, then the lengthening rate Vs of a sheaf is given by:

v = V
s 1+ ~t

t

(9.5)

where V is the average lengthening rate of a subunit. Because the growth of a

subunit is diffusionless, V is expected to exceed the rate v calculated on the basis

of carbon diffusion-controlled growth, although Vs will only be greater than v if the

factor [l+(.6.t/t)] is sufficiently small (i.e., ifthe time interval between the nucleation

of subunits is small in comparison with the time required for the subunits to reach

their limiting size). The results in general indicate that Vs > > v so that it can be

safely concluded that the growth rate of the subunits is much faster than expected

from carbon diffusion-controlled transformation. This is consistent with direct high-

resolution observations on the growth of bainite subunits in an Fe-Mn-Si-C alloy

[Bhadeshia, 1984]. The results also indicate that solute/interface interactions are

not strong enough to slow down interface motion to velocities less than v, and that

there is no special nickel-atom/interface interaction in Fe-Ni-C alloys, as has been

suggested in the past [Rao and Winchell, 1967, Purdy and Hillert, 1984]. This

conclusion also applies to Cr which is a significant alloying element in some of the

steels analysed in the present.

9.7 Conclusions

It has been found that the lengthening rates of sheaves of bainite in alloys steels

are far greater than expected from calculations based on carbon diffusion-controlled

paraequilibrium transformation. Furthermore, it is found that the lengthening rates

of individual bainite subunits within the sheaves must also be faster than carbon

diffusion-controlled growth. The results are consistent with the proposed mecha-

nism of the bainite transformation in which the growth of the bainite subunits is

diffusionless, with the partitioning of carbon into the residual austenite occurring

immediately after transformation.
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Chapter 10
ON THE FORMATION OF INTRAGRANULAR
WIDMANSTATTEN FERRITE PLATES
IN ULTRA HIGH STRENGTH STEELS

10.1 Introduction

A number of ferrite morphologies are observed in wrought steels and steel weld

deposits, when austenite is allowed to transform isothermally below the Ae3 temper-

ature depending upon for example, the austenitisation conditions, alloy chemistry,

and cooling rates. These austenite decomposition products can be allotriomor-

phic ferrite, Widmanstiitten ferrite, bainite or acicular ferrite. Widmanstiitten fer-

rite usually grows either from prior austenite grain boundaries or from the already

transformed grain boundary allotriomorphic ferrite and form in parallel formations

i. e., several plates nucleate and grow parallel to each other in packets. The fi-

nal mechanical properties of the steel or weld deposits are closely related to the

proportions of these phases in the microstructure.

Many observations have demonstrated that during cleavage failure, the cracks

propagate virtually undeviated across individual sheaves of bainite in low-carbon,

low-alloy steels [Pickering, 1967]. Similar results have been reported for low-carbon,

low-alloy weld deposits, where qualitative evidence suggests that cleavage cracks

propagate undeflected across packets of identically orientated bainite platelets but

have to reinitiate on encountering sheaf boundaries [Chandel et al. 1985]. The size of

cleavage facets obtained by brittle fracture is found to correlate well with the width

of bainite sheaves, i.e., the packet size [Naylor and Krahe, 1974]' although there

are other results which suggest that the unit crack path is somewhat larger than the

packet size [Ohmori et al. 1974; Brozzo et al. 1977]. The unit crack path length is

defined simply as the region within which the crack propagates in a nearly straight

fashion [Matsuda et al. 1968, 1972]. The fact that the path length tends to be

somewhat larger than the sheaf width, may have something to do with the fact that

adjacent bainite sheaves, which are different variants of the orientation relationship

with austenite may still have their cleavage planes fairly parallel [Brozzo et al. 1977].
Thus, any discrepancy between the packet size and unit crack path length does not

weaken the basic argument that having a set of parallel ferrite plates in identical

orientation is bad for toughness. Instead, it leads to a more general condition that

groups of plates with a common cleavage plane should be avoided.
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The idea that a " chaotic" microstructure (rather than one in which the ferrite

plates are neatly arranged into packets) is better for toughness is very prominent in

the welding industry [Savage and Aaronson, 1966; Rodrigues and Rogerson, 1977;

Garland and Kirkwood, 1975; Billy et al. 1980]. Hence, controlled quantities of

specific kinds of nonmetallic inclusions are tolerated in weld deposits, because they

serve to stimulate the intragranular nucleation of ferrite platelets which radiate in

many different directions from the inclusion nucleation sites; such a microstructure

in welds is denoted " acicular ferrite", although it is now appreciated that acic-

ular ferrite is nothing but intragranularly nucleated bainite [Bhadeshia, 1989]. A

propagating crack then has to traverse plates in many different crystallographic

orientations. Nonmetallic inclusions are otherwise regarded as harmful, since they

can in many circumstances, be responsible for initiating cleavage or void nucleation.

Using the same reasoning, deliberate additions of titanium oxide particles have re-

cently been made to wrought steels in order to induce the intragranular nucleation

of acicular ferrite [Yamamoto et al. 1987; Chijiiwa et al. 1988; Bhadeshia, 1989].

In quenched and tempered martensitic steels, fractographic measurements in-

dicate that the dominant microstructural feature in the process of cleavage fracture

is the size of the martensite packet [Roberts, 1970]. For heavily-alloyed ultra high-

strength steels, ausformed martensites have been demonstrated to have a more

chaotic spatial and size martensitic microstructures [Hornbogen, 1989]. This is one

of the reasons why ausformed steels also have a higher level of strength without un-

duly sacrificing the toughness. Tomita and Okabayashi [1983, 1985] demonstrated

improvements in the mechanical properties of martensitic steels, when the austenite

grain structure was first partitioned into smaller regions by partial transformation to

bainite. The small quantity of grain boundary nucleated bainite sheaves effectively

refined the austenite grains prior to martensitic transformation.

The purpose of the work presented here was to investigate an alternative

method of achieving the same effect, suggested by recent research on Fe-Cr-Mo-

C weld deposits [Babu and Bhadeshia, 1990]. The intragranular nucleation can

be stimulated if the austenite grain boundaries are removed as potential heteroge-

neous nucleation sites, by decorating them with thin layers of allotriomorphic ferrite

(Fig. 10.1).

For the technique to work, the allotriomorphic ferrite must not act as a sub-

strate for either secondary Widmanstatten ferrite or bainite, since both of these

are in the form of undesirable packets of parallel platelets, and indeed, consume

austenite which should be preserved for intragranularly nucleated transformation
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products. The allotriomorphic ferrite can be rendered innocuous if austenite stabil-

ising elements partition during its growth. This method of stimulating intragranular

nucleation is particularly relevant in the context of high-strength steels, because un-

like weld deposits, they have to be cleaner in order to ensure adequate toughness, so

that the number of oxide particles present can be very limited indeed. It is their high

strength which makes them much more susceptible to nonmetallic inclusions as frac-

ture initiators. The experiments reported here are consequently conducted on high

purity steels, with the aim of producing a microstructure in which the packets of

martensite are refined by the presence of intragranularly nucleated Widmanstatten

ferrite.

10.2 Experimental Procedures

Initially the material selected for this study were medium carbon high hard-

enabilityalloys. which were heavily alloyed with Si and Mn. These materials were

purposely selected because of two reasons. Because they contain a high content of

Mn which is austenite stabiliser thus can increased the incubation time for high

temperature ferrite products and the silicon is a ferrite stabiliser. The high silicon

content also made the carbide precipitation sluggish so that ferrite or bainite reac-

tion can be studied without any interruption of the cementite precipitation. The

chemical composition of material used are given in Table 10.1.

Table 10.1: Chemical compositions (wt.%) of the alloys used in this investigation.

Al
A2

C

0.22

0.22

Si

2.07

2.05

Mn

3.00

3.07

Mo

0.70

Al

0.011

0.005

Ti

0.004

0.004

o
0.0035

0.0057

The alloys Al and A2 were hot rolled round bars of 10 mm diameter in the

as received condition. Throughout this investigation two types of specimens were

used. One set had the form of 10 mm long rods of 3 mm diameter§ for isothermal

heat treatments and optical study. The other samples were square sections with 10

mm edges, for surface relief experiments§.

§ 3 mm diameter was selected to facilitate transmission electron microscopy at any stage of the

experiments.

§ The specimen preparation methods have been described in Chapter 3.
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Fig. 10.2 illustrates schematically the types of heat treatment cycles were used

during the present study. Before any isothermal transformation austenitisation

treatments generally performed at 1100 or 1300 °C for 15 min to produce larger

austenite grains, while the specimens were sealed in quartz capsules under a partial

pressure of pure argon. After austenitisation the samples were taken out from the

furnace, the quartz capsule was carefully broken and then immediately quenched

into a fluidized bed, which was maintained at the reaction temperature (controlled

to ± 3°C), reacted for different time durations and then finally quenched into

iced-water. The heat-treatment schedules are given in Table 10.2.

For surface relief experiments, specimens were mechanically polished to a ~

/-lm finish, and sealed in quartz capsules. The heat treatments were carried out in

the same way as described in the previous section except that after austenitisation,

the quartz capsules were not broken but simply transferred to the fluidized bed

maintained at the reaction temperature, reacted for the predetermined time and

then the capsule was quenched into ice cooled water.

Any surface relief effects were imaged using the Nomarski differential interfer-

ence technique with a Ziess optical microscope. The tilt sense was determined by

through focusing experiments, using grain boundary grooves for reference. Upward

upheavals consisting of two adjacent and opposing invariant-plane strains referred

to as "tent-like" compared with a similar net depression of the free surface which

are referred to as "vee-shaped" surface relief effects.

Optical microscopy of the heat treated specimens were carried out using con-

ventional metallography techniques. Optical specimens were etched in 2nital solu-

tion and were examined using an Olympus microscope, fitted with Olympus 35 mm

camera.

Thin foil speCImens were prepared from the heat treated samples for elec-

tron microscopy by the methods given in Chapter 3, and examined in a PHILIPS

EM400T transmission electron microscope operated at 120 kV, equipped with a

LINK 860 energy dispersive analysis system to facilitate microanalysis. Standard

thin foil correction programmes were used to compensate for X-ray detection ef-

ficiency and absorption. For quantitative analysis the specimen was tilted to 35°

towards the detector. Since this reduced the astigmatism in the image and improved

the working resolution.

10.3 Theoretical Analysis of Transformation Characteristics

It is found that Widmanstiitten ferrite can nucleate at a detectable rate when
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[Bhadeshia, 1981]

(10.1)

Gmax represents the free energy change during nucleation, assuming that the nucleus

adopts a composition which maximises this change. GN is a nucleation function (lin-

ear with temperature and common to all steels) representing the free energy change

which has to be exceeded before Widmanstatten ferrite can form at a detectable

rate. In addition to this condition, growth should also be thermodynamically possi-

ble, so that the free energy change for growth (~G')'-+')'+Q') should exceed the stored

energy of Widmanstatten ferrite

(10.2)

Since the nucleation of bainite and Widmanstatten ferrite IS described by the

same function GN, the nucleus is assumed to develop into bainite if the driving

force for growth is sufficient to permit its diffusionless growth. Thus, bainite and

Widmanstatten ferrite are normally represented by the same C-curve on the time-

temperature-transformation (TTT) diagram, with Widmanstatten ferrite forming

between the Ws and Bs (Widmanstatten ferrite-start and bainite-start respec-

tively) temperatures and bainite forming below B s§' These concepts have already

been illustrated schematically in Fig. 7.10.

The aim was to induce the intragranular nucleation of a small volume fraction

of Widmanstatten ferrite plates, in such a way that the plates do not grow in paral-

lel formations. Nucleation on inclusions can achieve this because their sub-micron

size cannot in general support the formation of more than one plate (although au-

tocatalysis [Olson and Cohen, 1986] can stimulate the formation of other plates in

close proximity). Particle nucleation is unlikely to have an opportunity to occur

if the austenite grain boundary nucleation sites are active, since they are known

[Ricks et al. 1982] to be more effective nucleants, so that transformation originating

from the grain surfaces can swamp any intragranular events. Grain boundary nu-

cleated (i. e., secondary) Widmanstatten ferrite also has the unfortunate tendency

to grow in packets of parallel plates. The boundaries can be rendered ineffective

by decorating them with uniform, thin layers of allotriomorphic ferrite [Babu and

§ The TTT diagram can be considered to consist of two 'C' curves, the one at higher temperatures

representing reconstructive transformations such as allotriomorphic ferrite and pearlite, and the other,

extending to lower temperatures, for displacive reactions such as Widmanstatten ferrite and bainite

[Bhadeshia, 1981).
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Bhadeshia, 1990] which, due to the partitioning of austenite stabilising elements

into the surrounding matrix, can be prevented from acting as substrates for the

growth of secondary Widmanstiitten ferrite. The steel utilised must therefore be

very sluggish in its transformation to allotriomorphic ferrite.

High-strength steels are in this respect eminently suitable, because they are

usually heavily alloyed for the sake of hardenability. A less well known effect first

predicted theoretically is that the alloying leads to a splitting of the displacive

C-curve of the TTT diagram into separate Widmanstiitten ferrite and bainite

curves (Bhadeshia and Svensson, 1989]. The Gmax function is significantly curved

at high temperatures, so that it can in principle intersect the G N line at two points

(Fig. 10.3). Widmanstiitten ferrite ferrite can then form at elevated temperatures

above the upper intersection temperature, and bainite at temperatures below the

lower intersection (assuming that its growth is thermodynamically possible).

The steels used in the present study exhibit precisely this kind of behaviour, as

illustrated in the calculated diagrams presented in Fig. 10.4. The heat-treatments

were designed to take advantage of the form of the TTT diagram, which indicates

that allotriomorphic ferrite forms long before the onset of Widmanstiitten ferrite,

although the latter forms over a very narrow temperature range after prolonged

heat-treatment. They were also intended to provide further verification of the

theory for Widmanstiitten ferrite nucleation and growth.

10.4 Results

Fig. 10.4 shows the calculated TTT diagram for both the alloys. The temper-

ature range in which experiments were carried out also marked in the TTT dia-

grams. The calculated Widmanstiitten ferrite, bainite and martensite temperatures

are given in Table 10.2.

10.4.1 General Microstructure and Morphology

Fig. 10.5 shows that Widmanstiitten ferrite plates formed within the prior

austenite grains, these are classic lenticular plate shaped with the curved ends be-

cause of constraints by the matrix due to the minimisation of the strain energy

associated by the formation of these plates. The non parallel formation of these

plates suggested that during the initial stage, they nucleate at intragranular nucle-

ation sites such as inclusions and in the latter stage more plates nucleated by the

sympathetic nucleation on the existing ferrite plates as shown in Fig. 10.6. It should

be noted that these plates are formed in the body of the austenite grains. It is not

a section effect produced by primary or secondary Widmanstiitten ferrite plates
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Table 10.2: Heat-treatment schedules.

Identification

A1-1

Al-2

Al-3

Al-4

Al-5

Al-6

Al-7

Al-8

Al-9

A1-10

A1-11

Al-12

Al-13

Al-14

AI-15

A2-1

A2-2

A2-3

A2-4

A2-5

A2-6

A2-7

A2-8

A2-9

A2-10

Heat-treatment

1100 °C @ 15 min -+ 680 °C @ 264 h -+ water quench

1100 °C @ 15 min -+ 680 °C @ 600 h -+ water quench

1100 °C @ 15 min -+ 700 °C @ 53 h -+ water quench

1100 °C @ 15 min -+ 700 °C @ 100 h -+ water quench

1100 °C @ 15 min -+ 700 °C @ 144 h -+ water quench

1100 °C @ 15 min -+ 700 °C @ 216 h -+ water quench

1100 °C @ 15 min -+ 720 °C @ 120 h -+ water quench

1100 °C @ 15 min -+ 720 °C @ 346 h -+ water quench

1100 °C @ 15 min -+ 740 °C @ 240 h -+ water quench

1100 °C @ 30 min -+ 680 °C @ 264 h -+ water quench

1100 °C @ 30 min -+ 700 °C @ 264 h -+ water quench

1100 °C @ 30 min -+ 720 °C @ 264 h -+ water quench

1100 °C @ 30 min -+ 740 °C @ 264 h -+ water quench

1300 °C @ 15 min -+ 680 °C @ 264 h -+ water quench

1300 °C @ 15 min -+ 740 °C @ 264 h -+ water quench

1100 °C @ 15 min -+ 680 °C @ 600 h -+ water quench

1100 °C @ 15 min -+ 700 °C @ 600 h -+ water quench

1100 °C @ 15 min -+ 720 °C @ 240 h -+ water quench

1100 °C @ 15 min -+ 740 °C @ 240 h -+ water quench

1100 °C @ 30 min -+ 680 °C @ 264 h -+ water quench

1100 °C @ 30 min -+ 700 °C @ 264 h -+ water quench

1100 °C @ 30 min -+ 720 °C @ 264 h -+ water quench

1100 °C @ 30 min -+ 740 °C @ 264 h -+ water quench

1300 °C @ 15 min -+ 680 °C @ 264 h -+ water quench

1300 °C @ 15 min -+ 740 °C @ 264 h -+ water quench
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Table 10.3: Calculated transformation temperatures (Q C) [Bhadeshia, 1981a, 1981b,

1981Cj Bhadeshia and Edmonds, 1980]'

Ae'3

Al
A2

812

818

773

777

700

700

477

469

338

324

originating from austenite grain boundaries or grain boundary allotriomorphic fer-

rite, above or below the plane of polishing. They were never seen to cross the

austenite grain boundaries. These intragranularly nucleated ferrite plates can cross

pearlite-austenite boundaries as shown in Fig. 10.7. It can be noted that the plate

has sharp boundaries in austenite region while plate boundaries has disappeared in

pearlite region, suggesting that pearlite has nucleated from these ferrite plate.

10.4.2 Effect of Transformation Temperature

The isothermal transformation temperature play an important role in deter-

mining the ambient temperature microstructure. This is clear from the micrographs

shown in Fig. 10.8, all specimens were austenitised at 1100 QC for 15 minutes and

isothermally transformed at various temperatures. It is depicted from Fig. 10.8,

that these plates only form in a particular vicinity of the temperature range but

below the Ws temperature for the alloy concerned, above this temperature grain

boundary allotriomorphic ferrite grow and less number of plates were observed.

While temperature at below 700 QC pearlite was formed in both the alloys as shown

in Figure 10.11. Intragranular ferrite plates are often grouped in star-like and more

complex configurations at lower reaction temperatures. The transformation tem-

perature also affects the size and number of these plates. At higher transformation

temperatures these plates are longer than those observed at the low temperatures

as shown in Fig. 10.9a. The thickness of these plates is also very much dependent

on the transformation temperature; as the transformation temperature decreases

the thickness of these plates also increases Fig. 10.9b.

INTRAGRANULAR NUCLEATION OF WIDMANSTATTEN FERRITE PLATES Chapter 10



- 200-

10.4.3 Effect of Transformation Time

In order to examine the effect of transformation time on the progress of trans-

formation and on the morphology of these plates and to ensure that the plates are

not a result of the transformation during cooling, specimens were quenched after

transforming to various transformation time periods. It is clear that in the early

stages of the reaction grain boundary allotriomorphs appeared on the prior austen-

ite grain boundaries, and with the passage of time these allotriomorphs grow along

the austenite boundaries and form a continuous layer of ferrite. Further increase in

the transformation time does not effect grain boundary allotriomorphs very much

but the nucleation of ferrite plates occurs within the body of the austenite grains

as shown in the micrographs in Fig. 10.lOa.

10.4.4 Effect of Austenitisation Temperature

The effect of austenitisation temperature is to control the austenite grain size,

the higher austenitisation temperature leading to a larger austenite grain size, thus
10

providing a large surface to volume ratio (Fig. .11). The austenitisation temper-

ature influences both the transformation products and the morphology of these

plates. The volume fraction of grain boundary allotriomorphic ferrite clearly de-

creases with larger austenite grain size. This promotes the subsequent intragranular

nucleation of plates of ferrite. Thus, in the specimens austenitised at 900 or 1000

DC, the smaller austenite grain size has suppressed intragranular nucleation and

only grain boundary allotriomorphic ferrite and equiaxed ferrite grains formed.

10.4.5 Transmission Electron Microscopy (TEM)

Using Transmission electron microscopy it was possible to find inclusions within

some of ferrite plates (Fig. 10.12 ), inclusions which were presumably responsible

for the heterogeneous intragranular nucleation of ferrite plates. The probability

of observing such nucleation sites is rather small, so that inclusions need not be

observed in all the plates even though they may be present. The plates have an

apparent length of gently curved boundaries to giving the lenticular outline of the

plates (Fig. 10.13). The tips of the plates were also found to be smoothly curved

(Fig. 10.14). These morphological observation are consistent with the displacive

mechanism in which the lenticular plates shape of ferrite arises through the need to

minimise the strain energy associated with the shape deformation. These observa-

tions are inconsistent with the growth involving a ledge mechanism since the a/,
interface is certainly not found to be facetted in any way.
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10.5 Discussion

A selected set of metallographic results are discussed here, to illustrate the

fact that the heat treatment leads first to the growth of polycrystalline layers of

allotriomorphic ferrite at the austenite grain surfaces, followed after a time lag,

by the intragranular nucleation and growth of Widmanstatten ferrite. More ex-

tensive data were collected for alloy A1, which is discussed first. The results are

presented in Fig. 10.10c, which shows that the first six days (144 h) of the heat

treatment at 700 QC are used up in forming the allotriomorphic layers and that this

is followed by the profuse precipitation of intragranularly nucleated Widmanstatten

ferrite. With very few exceptions (Fig. 10.10d), the allotriomorphs themselves do

no seem to stimulate the growth of secondary Widmanstatten ferrite plates, prob-

ably because they are in the wrong crystallographic orientation§ and because of the

solute diffusion field associated with their growth (austenite stabilising elements are

expected to be displaced into the matrix as the ferrite grows). In fact, there ap-

peared to be a "precipitate-free zone" along the vast majority of the allotriomorphic

ferrite/austenite interface (Fig. 10.15).

Theory indicates that in alloy A1, Widmanstatten ferrite should form only

over a very narrow temperature range, approximately 690-700 QC, as illustrated in

Fig. lOA. Consistent with this, isothermal transformation at 680 QC produced a

microstructure consisting mostly of allotriomorphic ferrite and pearlite, with very

few plates of Widmanstatten ferrite (Fig. 10.8a). Plenty of Widmanstatten fer-

rite plates were however, found after transformation at 720 QC (Fig. 10.8b) and

although this is in slight disagreement with the calculated transformation temper-

ature range, examination of the 740 QC sample (Fig. 10.8d) shows clearly that the

amount of Widmanstatten ferrite decreases as the temperature increases.

Quantitative metallographic measurements confirm these general trends; to

make the measurements easier, the time at the austenitising temperature of 1100

QC was increased from 15 to 30 min (samples A1-10 to Al-13). The abrupt ap-

pearance of Widmanstatten ferrite after a long incubation time is also confirmed

by the histogram presented in Fig. 10.16a, which represents a quantitative analysis

of the number of Widmanstatten ferrite plates counted per unit area of sample,

§ Widmanstatten ferrite, because of its displacive growth mechanism, always has an orientation

relationship with the parent austenite, which is close to the classical Kurdjumov-Sachs or Nishiyama-

Wasserman relationships. Consequently, secondary Widmanstatten ferrite plates can only develop if

the allotriomorph from which they grow happens to have such an orientation.
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using optical microscopy at a magnification of x 100. Consistent with the general

" C " shape of the Widmanstatten ferrite TTT curve (Fig. lOA), both the maxi-

mum length (Fig. 10.16b) and the number density of Widmanstatten ferrite plates

(Fig. 10.16c), show peaks in plots versus the transformation temperature.

Experiments using Alloy A2 revealed the same general trends, with the excep-

tion that the rate of reaction decreased in all respects, Fig. 10.16. This is consistent

with the known effect of molybdenum in retarding the reaction rate, and it is notable

that the retardation is evident in spite of the fact that alloy A2 has a somewhat

larger oxygen concentration, corresponding to a larger oxide particle density. It is

the oxides which seem to provide sites for the heterogeneous nucleation of Wid-

manstatten ferrite. This latter point is extremely difficult to prove on a statistical

basis because of the very small probability of observing an inclusion in a plate of

ferrite [Bhadeshia, 1989]' but supporting evidence was nevertheless gathered using

carbon extraction replicas for transmission electron microscopy. Fig. 10.17 shows

an example where it can be reasonably claimed that clusters of Widmanstatten

ferrite plates radiate in many directions from an inclusion. Microanalysis of the

inclusions extracted on the replica indicate that they are predominantly aluminium

oxides. The mean chemical composition of the inclusions are given in Table lOA.

Table lOA: Average chemical compositions of the three inclusions analysed.

Inclusion No. EDX analysis (wt. %)
Fe Si Mn Al

Al-12 5.6 53.3 - 41.0
Al-8 35.1 58.1 4.3 2.3
Al-8 2.2 1.0 - 96.76

10.6 Conclusions

A method has been developed to refine the microstructure of clean, high-

strength martensitic steels by partitioning the austenite grain structure with intra-

granularly nucleated plates of Widmanstatten ferrite. The plates were induced to

nucleate heterogeneously on oxide particles present in the steels, by first forming

uniform, thin layers of inactive allotriomorphic ferrite at the austenite grain sur-

faces. This effectively removed the austenite grain boundaries as potential sites for
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the nucleation of Widmanstatten ferrite, which consequently nucleated intragran-

ularly on oxide particles, with ferrite plates radiating in many directions from the

oxide particles in such a way as to subdivide the remaining austenite into fine blocks.

Quenching after this partial transformation to allotriomorphic and Widmanstatten

ferrite resulted in the martensitic decomposition of the blocks of residual austenite,

leading to a generally very refined overall microstructure.
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Fig. 10.1: Schematic illustration of the proposed method of refining the martensitic

microstructure with intragranularly nucleated plates of Widmanstiitten ferrite.
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Austenitisation

Isothermal trans. Isothennal trans.

a)

Time

c)

AustenitisaLion

Time

Time

b)

Isothennal trans.

Fig. 10.2: Schematic illustration of the heat treatments used. (a) Variation of

isothermal transformation time. (b) Variation of isothermal transformation tem-

perature. (c) Effect of austenitisation temperature.
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(a) Temperature (b)
Time

--------------------c
-----------------------

~
Eo......",

(c)

Temperature

(d)

Time

Fig. 10.3: Schematic illustration of how the double intersection of the G max curve

with the nucleation function GN leads to a splitting of the displacive C-curve into

two regions, one for Widmanstiitten ferrite and the other for bainite. (a) Represent

the case where nucleation of Widmanstiitten ferrite or bainite is possible over the

whole temperature range, hence both Widmanstiitten ferrite and bainite exhibit a

single TTT curve and (b) is the case where the nucleation of displacive transfor-

mation products is not possible between the temperatures A and B, and hence TTT

diagram splits into two C-curves, one for Widmanstatten ferrite and the other one

for bainite.
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Fig. 10.4: Calculated TTT diagrams for the two steels used in the present study.
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100 J.Lm

(a)

(b)

Fig. 10.5: Optical micrographs showing the formation of Widmanstiitten fer-
rite plates in alloys (a) A1 and (b) A2. 1100 QC @ 15 min --t 700 QC @ 9 days.
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Fig. 10.6: Optical micrographs showing the sympathetic nucleation of Widmanstattenl

ferrite plates in alloys A2 (A2-2).

20 j.Lrn

Fig. 10.7: An illustration of a pearlite colony growzng around a intragranularly

nucleated Widmanstatten ferrite plate (A2-1).
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(a)

(b)

Fig. 10.8: Continued .
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(c)

(d)

Fig. 10.8: Effect of transformation temperature on the formation of intragranular

Widmanstiitten ferrite plates. All specimens were austenitised at 1100 0 C for 15

min and isothermally transformed at (a) 680 °C @ 11 days (b) 700 °C @ 9 days

(c) 720 °C 346 @hr (d) 740 °C@ 10 days.
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20 /-lm

(a)

20 /-lm

(b)

Fig. 10.9: Effect of transformation temperature on the size, distribution and thick-

ness of intragranular Widmanstiitten ferrite plates. All specimens were austenitised

at 1100 DC for 15 min and isothermally transformed at (a) 720 DC @ 346 hr (b)

740 DC @ 10 days.
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(a)

(b)

Fig. 10.10: Continued .
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(c)

(d)

Fig. 10.10: Effect of transformation time on the formation of intragranular Wid-

manstiitten ferrite plates. All specimens were austenitised at 1100 0 C for 15 min

and isothermally transformed at 700 0 C for (a) 53 hr (h) 100 hr (c) 6 days (d) 9

days.
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(a)

(b)

Fig. 10.11: Continued .
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(c)

(d)

Fig. 10.11: Effect of austenitisation temperature on the formation of intragranu-

lar Widmanstiitten ferrite plates. Specimens were isothermally transformed at 740

aC for 10 days after austenitisation for 15 min at (a) 1100 aC (b) 1300 aC and

680 ac for 11 days after 15 min of austenitisation at (c) 1100 ac (d) 1300 ac.
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Fig. 10.12: Replica electron micrograph of an inclusion of the type which were pre-

sumably responsible for the intragranular nucleation of Widmanstiitten ferrite plates.
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(a)

(b)

Fig. 10.13: TEM micrograph showing the autocatalytic nucleation of intragranularly
nucleated Widmanstiitten ferrite plates.
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1 flrn

Fig. 10.14: TEM micrographs showing that intragranularly nucleated plates have

smoothly curved lenticular plate morphology.
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Fig. 10.15: Optical micrograph showing a precipitate free zone between the gram

boundary allotriomorphic ferrite layers and intragranularly nucleated Widmanstatienl

ferrite plates.
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Fig. 10.16: (a) Histogram showing the number of Widmanstiitten ferrite plates per

unit area, counted on metallographic samples observed using optical microscopy at

a magnification of x 1DO, as a function of the time at an isothermal transforma-
tion temperature of 720 0 C. (b) Length of the longest plate observed on a random

section, as a function of the isothermal transformation temperature after holding at

temperature for 264 hr. (c) Number of plates per unit area, as a function of the
transformation temperature after holding at temperature for 264 hr.
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1 pm

Fig. 10.17: Carbon extraction replica micrograph showing plates of Widmanstiitten

ferrite apparently emanating from an inclusion nucleation site.
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Chapter 11
REAUSTENITISATION IN HIGH STRENGTH
HARDENABILITY STEEL

There is now a need to conduct urgent experiments on the reaustenitisation

behaviour of steels as an aid to the modelling of microstructure in welds. In mul-

tilayer weld deposits, the heat input associated with the deposition of new layers,

reheats the underlying microstructure to temperatures where austenite formation

can occur. The new austenite then cools and transforms back to a microstructure

which can be rather different from that obtained immediately after weld deposi-

tion. Because many of the alloys used in the deposition of high-strength welds are

designed to transform ultimately into bainitic microstructures, it is useful to study

the reaustenitisation process by heating such microstructures. This chapter deals

with the reaustenitisation process from a starting microstructure which is a mixture

of bainite and residual austenite. The term residual austenite is used to represent

the austenite which is left untransformed at the temperature where bainite is al-

lowed to grow. Particular emphasis is placed on the mechanism and the kinetics of

reaustenitisation process.

11.1 Material Selection

The steel selected for the present study is one which contains high silicon and

manganese concentrations as the major alloying elements. The silicon retards the

growth of cementite, so that a microstructure of just bainitic ferrite and residual

austenite can be obtained by the transformation of austenite below the bainite-start

(Bs) temperature [Hehemann, 1970]. Such alloys are becoming more prominent in

industry, both as wrought materials [Bhadeshia and Edmonds, 1979] and in the

form of high silicon cast irons [Rundman et al. 1988]. Manganese and molybdenum

increase the incubation time for the formation of diffusional transformation products

such as allotriomorphic ferrite, and generally raise the hardenability of the steel.

The detailed chemical composition of the steel used in the present study is given in

Table 11.1.

Table 11.1: Chemical composition of the steel used in the present study.

Steel Chemical Composition (wt. %)

C Si Mn Mo Ti Al o (ppm)

A2 0.22 2.05 3.07 0.7 0.004 0.005 94
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11.2 Experimental Procedures

11.2.1 Heat Treatments

High speed dilatometry was utilised to study the kinetics of reaustenitisation.

All the samples were homogenised at 1250 DC for 3 days prior to dilatometric exper-

iments, as discussed in Chapter 3 along with the other details of the heat treatment

techniques. All heat treatments were performed in a Theta Industries high-speed

dilatometer using homogenised, high purity, high hardenability steel, austenitised

at 900 DC for 5 minutes, isothermally transformed at a temperature Ti = 400 DC for

2000 s to get a mixture of bainitic ferrite plus residual austenite and then, instead

of cooling the specimens to ambient temperature, they were heated rapidly to an

elevated temperature T-y for isothermal reaustenitisation. The specimens were not

cooled below 400 DC, in order to avoid the martensitic decomposition of the austen-

ite. Schematic diagrams of the heat treatment cycles have already been shown in

Fig. 3.1.

11.2.2 Microscopy

Specimens for optical and transmission electron microscopy were obtained from

heat treated samples and prepared as discussed in Chapter 3. Thin foil samples were

examined using a PHILIPS EM400T transmission electron microscope, equipped

with a LINK EDX system to facilitate energy

11.3 Results

The general microstructure is illustrated in Fig. 11.1, and as expected, consisted

of a mixture of bainitic ferrite, retained austenite and some martensite resulting

from the decomposition of the residual austenite after cooling from the bainite

formation temperature.

11.3.1 Dilatometry

The first detectable growth of austenite was found to occur at 660 DC as illus-

trated in Fig. 11.2, note that a length contraction is expected as ferrite transform

to austenite. In all cases the transformation rate was initially rapid, but decreased

with time at the isothermal reaustenitisation temperature T-y so that the specimen

length eventually stopped changing. The maximum relative length change as a

function of T-y is plotted in Fig. 11.3. The results showed that f::ll increases as T-y
increases from 660 DC to 740 DC and then remains essentially constant with the

further increase in T-y to 860 DC. The maximum degree of transformation to austen-

ite thus increases from nearly zero at 620 DC to complete reverse transformation at
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above 740 QC. It is also seen from the Fig. 11.3, that the rate of ferrite to austenite

transformation increases with T"

11.3.2 Transmission Electron Microscopy

The phenomenon of reaustenitisation can be monitored by observing the thick-

ening of austenite layers using transmission electron microscopy (Figs. 11.4-11.11).

Fig. 11.5 shows micrograph for reaustenitisation at 660 QC in which the ferrite

subunits are parallel to each other and are separated by the austenite layers (now

become martensite after cooling to ambient temperature). The thickness of the

austenite films does not seem to increase significantly at 660 QCas expected from

the dilatometric results (Fig. 11.3). As the isothermal reaustenitisation temper-

ature increases, the austenite films become detect ably thicker (Figs. 11.6-11.8).

However the austenite layers still retain their general form as shown in Fig. 11.8

for reaustenitisation at 740 QC. Fig. 11.9 shows that there is some ferrite retained

even after reaustenitisation at 780 QC. The electron micrographs in Figs. 11.10 and

11.11 demonstrate completely martensitic structures, indicating the completion of

austenitisation following the 820 and 860 QCheat treatments This also confirms the

dilatometric data (Fig. 11.3), that the maximum length change achieved beyond

about 780 QC does not vary much with T,. A slight decrease is in fact expected

as T, rises, even though the samples fully reaustenitise, because the difference in

austenite and ferrite densities decreases with rising temperature.

11.3.3 Microanalysis

The microanalysis results are given in Table 11.2 and Figs. 11.12-11.16 illus-

trate the results from a range of isothermal reaustenitisation temperatures. They

show that the degree of partitioning substitutional of alloying elements decreases

with increasing austenitisation temperature.

11.3.4 Hardness

The hardness of each specimen was measured after the isothermal reausteniti-

sation and the results are plotted in Fig. 11.17. The results show that the hardness

achieves a maximum value after austenitisation at about 780 QC.
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Table 11.2: EDX analysis of the (a) matrix and (b) ferrite. (All the specimens were

austenitised at 900 ° C for 5 min and then transformed to bainite at 400 ° C for 2000

s prior to reaustenitisation).

(a)

Temperature EDX analysis (wt. %)
°C Fe Mn Si Mo

620 93.7 ± 1.2 3.4 ± 0.7 2.1 ± 0.2 0.6 ± 0.3
660 93.6 ± 0.7 3.3 ± 0.5 2.1 ± 0.4 0.9 ± 0.5
680 94.2 ± 0.7 3.3 ± 0.4 1.9 ± 0.4 0.6 ± 0.3
700 94.1 ± 0.7 3.4 ± 0.6 1.9 ± 0.4 0.6 ± 0.5
860 94.1 ± 0.6 3.2 ± 0.3 1.9±0.1 0.7 ± 0.4

(b)

Temperature EDX analysis (wt. %)
°C Fe Mn Si Mo

620 94.1 ± 0.7 2.7 ± 0.5 2.3 ± 0.3 0.9 ± 0.7
660 95.0 ± 0.9 2.4 ± 0.4 2.0 ± 0.4 0.5 ± 0.6
680 95.1 ± 0.9 2.3 ± 0.4 1.9±0.4 0.6 ± 0.3
700 94.6 ± 0.7 2.5 ± 0.8 2.1 ± 0.5 0.7 ± 0.5
860 94.5 ± 0.7 2.4 ± 0.3 2.1 ± 0.2 0.9 ± 0.7

Table 11.3: Effect of reaustenitisation temperature on partition coefficient.

Temperature Partition Coefficient [Ki = ~;t;;t](wt. %)
°C Mn Si Mo

620 1.2 0.9 0.7
660 1.3 1.0 1.7
680 1.4 0.9 0.9
700 1.3 0.9 0.9
860 1.3 0.9 0.7

11.4 Discussion

The results obtained in this study generally confirm the earlier published [Yang,

1987; Yang and Bhadeshia, 1987, 1990] on] experiments but provide additional mi-

crostructural detail. The Yang and Bhadeshia model shows that because isother-

mal transformation of austenite to bainite ceases prematurely before the austenite
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achieves its equilibrium carbon concentration, there is a large temperature hysteresis

before the reverse transformation to austenite become possible during heating from

the bainite transformation temperatures. Any reverse transformation to austen-

ite cannot occur until the sample is heated to an elevated temperature where the

residual austenite composition becomes identical to the composition given by the

Ae~ phase boundary. This leads to a large hysteresis in the forward and reverse

transformation temperatures for austenite, a hysteresis which is not found when the

starting microstructure is instead a mixture of allotriomorphic ferrite and austenite

[Tsuzaki et al. 1980]. This is evident from TEM micrographs with increasing thick-

ness of austenite layers as shown in Fig. 11.18. A close examination of Fig. 11.19

shows that austenite layers become thicker they retain their layer like morphology

between the ferrite sub units. This provides strong evidence that austenite grows

by the normal movement of the approximately planar aIr interface as assumed

by Yang [1987].

11.4.1 EDX Analysis

The results of energy dispersive X-ray analysis of isothermally reaustenitised

specimens show that the degree of partitioning of substitutional alloying elements,

as indicated by the deviation of the partition coefficient J{i from unity, where

T
J{.=~

% x~
%

(11.1)

decreases with increasing reaustenitisation temperature (Fig. 11.16). As the driving

force for reaustentisation increases, the transformation tends towards paraequilib-

rium or negligible partition-local equilibrium; this is illustrated clearly by the data

for 700 ac. The concepts of paraequilibrium and local equilibrium have been dis-

cussed in Chapter 1. Paraequilibrium is state of constrained equilibrium in which

the substitutional lattice is configurationally frozen with respect to the transfor-

mation interface. Hence, even though the transformation is diffusional in nature,

the ratio (atom fraction of substitutional element (i)/atom fraction of iron) is the

same in a and,. Thus, the chemical potentials of the substitutional elements are

not equal in the two phases. Carbon, which can diffuse faster, reaches equilibrium

subject to this constraint. In negligible-partioning-Iocal equilibrium (NPLE), equi-

librium is maintained for all the transformation interface, but the concentration

of substitutional element is essentially the same in all phases. The results also

show that as thickness of the austenite layers increases with time at for a given TT'
the partition coefficient J{i changes indicating that the concentrations of alloying
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elements at the interface during the growth of austenite are not equilibrium concen-

trations. These results are qualitatively consistent with the dilatometric data. One

of the factors for the increased rate of transformation at high T, is the fact that the

degree of redistribution of alloying elements during transformation decreases with

increasing T,'

11.4.2 Carbon Concentration of the Residual Austenite

The carbon content of the residual austenite when isothermal transformation

ceases is very useful in understanding the transformation mechanism. Because

of the relatively high silicon concentration in the steel used, the precipitation of

cementite tends to be rather sluggish. Consequently, isothermal transformation to

upper bainite generates a microstructure consisting of carbide-free bainitic ferrite

and carbon-enriched residual austenite. It is then possible to estimate the carbon

concentration x, of the residual austenite using a simple mass balance procedure,

if the volume fraction of bainitic ferrite Vb is known

x - Vb X XC(
X =-----

, I-Vb
(11.2)

where x is the average carbon concentration of the alloy and XC( is the carbon con-

centration of the bainitic ferrite. The volume fraction Vb can be calculated from the

dilatometric data as discussed by Bhadeshia [1982]. The values of x, estimated by

using the procedures just described here, for the point where isothermal transforma-

tion ceases at any given temperature, are plotted on the phase diagram presented

in Fig. 11.20. The phase boundaries were calculated using the method given by

Bhadeshia and Edmonds [1980]. The data presented in Fig. 11.20 confirm that the

formation of upper bainite stops prematurely, well before the carbon concentration

of the residual austenite reaches the paraequilibrium Ae~ phase boundary. This

effect is known as the "incomplete reaction phenomenon"§ [Bhadeshia, 1985, Chris-

tian, et al. 1984]. After isothermal transformation to bainite at the temperature

Tb has ceased, if the sample is rapidly heated to an isothermal temperature T,
for reaustenitisation, the reverse transformation to austenite does not require any

nucleation, simply the movements of already existing ferrite-austenite interfaces.

Because the bainitic ferrite consist of ferrite sub units which are approximately

parallel to each other. The thickness of austenite films measured by stereology is

given in Fig. 11.18, which shows that as the reaustenitisation temperature increases

the austenite films between bainitic ferrite become thicker and eventually consume

§ The incomplete reaction phenomenon has been discussed in detail in chapter 4.
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all the bainitic ferrite transformed to austenite i. e., above 780°C. This is also

confirmed by the transmission electron microscopy.

11.4.3 Macrobardness

The hardness of the reaustenitised samples after quenching to ambient temper-

ature has been found to initially increase as with the isothermal reaustenitisation

temperature. This increase is expected since the amount of austenite (and hence

martensite at austenitisation temperature) increases with T,' The maximum value

of about 600 HV observed at around 780°C beyond which sample becomes fully

austenitic is more difficult to understand, but could arise because samples quenched

from higher temperature undergo a greater degree of auto tempering of the marten-

site.

11.5 Theory for Reaustenitisation

In this section the thermodynamic model presented by Yang and Bhadeshia

[1987]for the interpretation of the observations on reaustenitisation from a starting

microstructure of bainite and retained austenite are analysed in the light of the

results obtained in the present study. Since after the diffusionless growth of bai-

nite, carbon is rapidly and spontaneously redistributed into the residual austenite

with an accompanying reduction in free energy, the ab/' transformation in its orig-

inal form is irreversible. The problem of reaustenitisation is therefore considerably

different from the case of martensite to austenite in for example, shape memory al-

loys. It is noted that the formation of bainite ceases prematurely during isothermal

transformation when the carbon content of the residual austenite reaches the T~

curve (the phase diagram for the alloy is presented in Fig. 11.20). It follows that

the carbon concentration x, of the residual austenite when the formation of bainite

cease at Tb' is given by (point marked 'a' in Fig. 11.20)

(11.3)

furthermore, it is noted that:

(11.4)

where x Ae' [Tb] is marked "b" in Fig. 11.20. Thus, although the formation of bainite
3

ceases at, because x, «x Ae~ [Tb]' the driving force for austenite to transform

diffusionally to ferrite is still negative. Another way of expressing this is to say

that the volume fraction of bainite present when its formation ceases at Tb is much
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less than is required by the Lever rule. In fact, this remains the case until the

temperature T is high enough i.e., T = T-y to satisfy the equation:

(11.5)

Hence, reaustenitisation will first occur at a temperature T-y, as indicated in

Fig. 11.20 (marked c), and as observed experimentally. Note that this is a direct

consequence of the mechanism of the bainite transformation, which does not allow

the transformation to reach completion. The theory goes further than explaining

just the temperature at which the reverse transformation should begin. It also pre-

dicts that any temperature T greater than T-y, the reverse a ---+ I transformation

should ceases as soon as the residual austenite carbon concentration x~ (initially

x-y reaches the Ae; curve, i.e., when

x~ = x Ae; [T-yl (11.6)

with the equilibrium volume fraction of austenite (at the temperature T-y), V-y, being

given by:

x
V-y[T-yl = -[T-yl

xAe;
(11. 7)

assuming that the carbon concentration of ferrite is negligible and x Ae; [T-yl > x
when x Ae; [T-yl = x, the alloy eventually becomes fully austenitic (point 'd' in

Fig. 11.20) and If this condition is satisfied at T = T-y then all T > T-y, the alloy

transform completely to austenite. These concepts immediately explain the dilato-

metric data in which the degree of a ---+ I transformation increase (from zero at

660 DC with the temperature of isothermal reaustenitisation, until the temperature

780 DC where the alloy transforms completely to austenite. The results obtained in

present study thus generally confirm the Yang and Bhadeshia model for reausteni-

tisation of mixtures of bainitic ferrite plus residual austenite.

11.6 Conclusions

The kinetics of reaustenitisation in relatively high silicon concentrations has

been studied by a combination of techniques such as high speed dilatometry, trans-

mission electron microscopy, EDX analysis, stereology and macro hardness. It is

found that the formation of austenite increases with increasing reaustenitisation

temperatures and at 780 DC all the bainitic ferrite transformed to austenite. The

transformation is initially rapid but slow at the end of reaction. The formation
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of austenite was found to take place by the movements of planar ferrite/austenite

interfaces. It is confirmed by measuring the thickness of the austenite films which

increase during the reaustenitistion process. The results are generally consistent

with the theory of reaustenitisation as proposed be Yang and Bhadeshia.
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(a)

0.5/-lID

(b)

Fig. 11.1: Typical mixed microstructure of bainitic ferrite, retained austenite and

martensite after isothermal transformed at 400 0 C for 2000 s followed by water

quenching. a) Optical micrograph. b) TEM micrograph.
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Fig. 11.2: Isothermal reaustenitisation studied uszng dilatometry. The speczmens

were initially isothermally transformed to bainite at 400 0 C for 2000 s and then

rapidly heated to the isothermal reaustenitisation temperature indicated on each fig-
ure.
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Fig. 11.3: The maxzmum magnitude of the relative length change (Lll) increases

with the reaustenitisation temperature (T ,..) and then attains an approximately con-

stant value after the sample can achieved a fully austenitic state. Note that all the

length changes are in fact negative.
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0.5 pm

Fig. 11.4: Microstructure of the specimen isothermally reaustenitised at 620 0 C for

2000 s. Note that there is some rounding of the bainite sub-units at their tips.
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Fig. 11.5: Microstructure observed at T-y= 660 QC for 3000 s.
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100 pm
Is:

Fig. 11.6: Microstructure observed after isothermal reaustenitisation at 680 0 C for

2000 s.
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Fig. 11.7: Thickening of the austenite films after reaustenitisation at 700 0 C for

3000 s.
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Fig. 11.8: The residual austenite films between bainitic ferrite subunits become

thicker after isothermal reaustenitisation at 740 0 C for 3000 s.
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. -- '''.~

1pm

Fig. 11.9: Showing that although most of the microstructure reaustenitised but still

some of the ferrite subunits are present after isothermal reaustenitistion at 780

o C for 3000 s.
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Fig. 11.10: Microstructure observed after reaustenitistion at 820 0 C for 3000 s.
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Fig. 11.11: Showing that specimen completely reaustenitised after isothermal trans-

formation at 860 0 C for 3000 s.
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Fig. 11.12: Microanalytical data obtained using energy dispersive X-ray analysis on
PHILIPS 400T (T-y = 620 DC).
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Fig. 11.13: Microanalytical data obtained using energy dispersive X-ray analysis on
PHILIPS 400T (T, = 660 DC).
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Fig. 11.16: The effect of reaustenitisation temperature on the partition coefficient

of manganese, showing that the degree of partitioning of manganese increases as the
reaustenitisation temperature increases.
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Fig. 11.18: Measurement of the thickness of the residual austenite films. The thick-

ness of austenite films increases with the increasing reaustenitisation temperature.
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[T = 400 QC]

[TI' = 660 QC]

Fig. 11.19: Continued .
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[T-y = 680°C]

0.5 /-LID

Fig. 11.19: Continued .
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[T, = 740 DC]

Fig. 11.19: TEM micrographs showing the thickening of austenite films after isother-

mal reaustenitisation for 3000 s at temperatures indicated on each figure, note that

the films remain parallel to the ferrite sub-units.
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of residual austenite at the termination of isothermal transformation. The para-

equilibrium phase b01£ndaries Ae; and To calculated as in fBhadeshia and Edmonds,
1980]'
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Chapter 12
SUGGESTIONS FOR FURTHER WORK

Nucleation Rate for Widmanstiitten Ferrite: Some progress has been made

in understanding the mechanism of Widmanstatten ferrite and bainite nucleation.

Nevertheless, there is no experimental verification of the nucleation rate, and quan-

titative studies need to be pursued with vigour.

Although the linear relationship between the activation energy for nucleation

and the chemical free energy change accompanying nucleation has been more or less

verified, the slope and intercept of the experimental relation needs to be rigorously

compared with theory. This cannot be done without extensive data on for example,

dislocation (or interface) mobilities as a function of temperature.

Given the analogy between bainite and acicular ferrite, it should be possible to

formulate the kinetic theory for acicular ferrite after accounting for its intragranular

nucleation. Experiments are needed to verify the dependence of the activation

energy for the nucleation of acicular ferrite on inclusions, on the chemical driving

force. In particular, it is necessary to design and study samples in which the ratio

of grain surface to intragranular nucleation densities varies. Monitoring the onset

of a detectable degree of acicular ferrite formation then enables the free energy

dependence to be deduced. It will be necessary to cover a range of alloys to give

sufficient variation in the driving force at constant temperature. The theory will

then be tested against experimental kinetic data on acicular ferrite in low-alloy

steels.

Chaotic Microstructure in Ultrahigh-Strength Steel: One of the most

exciting results to emerge from the work was the ability to induce the intragranular

nucleation of ferrite plates in wrought steels containing extremely small quantities

of nonmetallic particles. The dismantling of packets of parallel ferrite plates in

bainitic or martensitic microstructures, into differently orientated chaotic acicular

ferrite plates, improves toughness. The increased chaos can only be achieved by

introducing inclusions as intragranular nucleation sites. The gain in toughness

achieved in this manner overcomes any loss due to the presence of inclusions, in

welds and low-strength steels. The same level of inclusions cannot however, be

tolerated in ultrahigh-strength (UHS) steels (ay 2 1300 MPa) which typically

contain oxygen at < 10 ppm. The research has shown that by eliminating the

austenite grain surfaces as potential nucleation sites (by decorating them with a

very thin layer of allotriomorphic ferrite), the very small oxygen concentration is
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sufficient to nucleate acicular ferrite in UHS steel.

However, much further work is needed to make this idea into a viable propo-

sition, since the heat treatments used were not realistic from a commercial point

of view. Alloys need to be designed which are able to produce the required mi-

crostructure during continuous cooling transformations under near natural cooling

conditions.
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