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Abstract

Austempered ductile irons usually contain a large quantity of retained austenite that can help to optimise their mechanical
properties. A generic model has been created that enables the estimation of the maximum fraction of retained austenite as a
function of the chemical composition and heat treatment. It is found that the maximum fraction of retained austenite depends on
two competing effects. The first is that austenite is stabilised by transforming to bainite at lower temperatures, since, consistent
with the 7|, curve, the limiting carbon concentration of the austenite increases as the transformation temperature is reduced. The
counteracting effect is that the formation of bainitic ferrite itself consumes austenite, so less is available for retention on cooling
to ambient temperature. The model has been validated by comparison with experiments on homogenised samples of cast iron.

© 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

A wide range of properties can be produced in
austempered ductile irons by changing the heat treat-
ment conditions and hence, the microstructure [1]. A
mixture of bainitic ferrite and retained austenite (er)’
along with graphite nodules, is the most desirable com-
bination of phases in these cast irons. Undesirable
phases, such as martensite and iron carbides, may also
be present in smaller quantities, but it is understood
that the maximisation of retained austenite is important
towards the achievement of good mechanical properties
[2].

The heat treatment consists of austenitisation, nor-
mally in the range 850-950, followed by isothermal
transformation in the temperature range where bainite
is expected (usually 250—450 °C). When discussing the
microstructure, it is necessary to distinguish between
residual austenite, which exists at the isothermal trans-
formation temperature and retained austenite, which
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remains untransformed at ambient temperature. Car-
bon is partitioned into residual austenite during the
bainite transformation. However, this partitioning oc-
curs after the diffusionless growth of each bainite plate
[3,4], so that the transformation cannot occur if diffu-
sionless growth is thermodynamically not possible. At
some stage in the evolution of the microstructure, the
austenite carbon concentration reaches the 7, curve, at
which point bainite ceases to form, assuming a homo-
geneous distribution of carbon in the austenite. The T
curve is the locus of all points on the temperature
versus carbon concentration plot, where austenite and
ferrite of the same chemical composition have identical
free energies. The reaction is said to be incomplete,
since it stops before the austenite has achieved its
equilibrium composition [5,6] given by the Ae; curve,
(Fig. 1). Naturally, it is at this stage that the retained
austenite is most stabilised by carbon that has reached
its maximum permissible concentration in the context
of bainite.

In previous work [7], a vast quantity of experimental
data on retained austenite in cast irons, compiled from
the published literature, was assessed and expressed
quantitatively using neural network analysis. This is a
method of empirical non-linear regression analysis.
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Fig. 1. Schematic illustration of the origin of the 7, curve on the
phase diagram. o and y refer to ferrite and austenite, respectively.
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Fig. 2. Variation of the volume fraction of retained austenite as a
function of austempering time, calculated using a published model [7].
In this case, the time required to achieve the maximum fraction at
380 °C is 70 min. The error bars represent uncertainty in the calcu-
lated results [7].

The purpose of the present work was to create a
mechanism-based model capable of estimating the max-
imum volume fraction of retained austenite in austem-

Table 1

Calculated austempering temperatures and times utilised in experiments

pered ductile irons, as a function of the chemical
composition and heat treatment.

2. Experimental procedures

A ductile cast iron produced in a commercial
foundry using electric melting has been used for the
experiments. Its chemical composition is Fe—3.55C—
2.5S81-0.55Mn-0.15Mo-0.31Cu (wt.%). Solid cylindri-
cal specimens with dimensions 8 mm diameter and 12
mm length were machined from a keel block. Samples
were first homogenised at 1000 °C for 3 days in a
carbolite furnace, whilst sealed in quartz tubes contain-
ing argon, before quenching in water.

Austempering was performed in a thermomechanical
simulator (‘Thermec-mastor Z’) which is capable of
implementing specified thermal cycles on small samples
and of recording temperature and dilatation as a func-
tion of time. The samples were austenitised for 15 min
at 950 °C; they were then quenched to the isothermal
temperature and held there for a specific period of time.
This time period was intended to be that required to
obtain the maximum volume fraction of retained
austenite (V7'"), as estimated using a model previously
developed [7]. Fig. 2 shows how the volume fraction
calculated using that model varies with austempering
time 7., enabling the required time to be selected for
each austempering temperature 7, (Table 1). Transmis-
sion electron microscopy analysis was carried out in
samples austempered at 250 °C for 50 and 90 min,
respectively following austenitisation at 950 °C for 30
min.

The volume fraction or retained austenite (V, ) was
measured using X-ray diffraction [8] with CuK, radia-
tion at 40 kV and 40 mA. A Phillips diffractometer was
used with a step-scan mode to cover the angular 26
range from 47 to 103°. The 26 step size was 0.03° with
a dwell time of 30 s. Three peaks of ferrite (001, 112,
022) and three of austenite (002, 022, 113) were utilised
for this purpose. The carbon concentration in the
austenite was calculated from its lattice parameter [§]
using a relationship due to Dyson and Holmes [9].

For transmission electron microscopy (TEM), 3 mm
diameter discs, 0.5 mm thick, were mechanically pol-
ished using 600 grit silicon carbide paper to 0.1 mm

T, (°C) 15 (min) T, (°C) 15 (min) T, (°C) 15 (min) T, (°C) 15 (min)
250 50 300 63 350 64 400 52
260 55 310 63 360 67 410 40
270 60 320 63 370 70 420 31
280 61 330 63 380 70 430 23
290 63 340 63 390 63 440 17
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Fig. 3. Schematic representation of (a) bainitic ferrite and (b) retained

austenite, as a function of time. Va, and V., represent the volume

fractions of bainitic ferrite and retained austenite, respectively.

thickness. A precision dimple grinder instrument was
used prior to milling with two argon-ion guns. The
angle between the ion beams and specimen was set to
10°. Transmission electron microscopy was conducted
using a Jeol JEM-200CX electron microscope operated
at 200 kV.

3. Variation of retained austenite

The isothermal transformation of cast iron to gener-
ate bainite is known as ‘austempering’. The process is
defined conventionally in two stages [10]. The end of
the first stage corresponds to the maximisation of the
fraction of bainitic ferrite and the enrichment of the
austenite, the second with the onset of carbide precipi-
tation. The time interval between these two stages is the
heat treatment window [10,11] (Fig. 3). The effect of
austempering can be optimised within the confines of
this window: too short an austempering time leads to
an inadequate enrichment of the austenite and hence, a
low retained austenite content. Austempering beyond
the commencement of stage II causes carbide precipita-
tion and hence, a reduction in the retained austenite
content (Fig. 3b).

It is known that the extent of transformation to
bainite in ductile irons, as in steels, decreases ultimately
to zero when increasing the isothermal transformation

temperature towards the bainite-start temperature [12].
This is because the austenite can only transform to
bainite if its carbon concentration is less than a value
X7, given by the T, curve defined earlier. It follows [13]
that the distribution of carbon at the point where the
bainite reaction stops is given by

x=V, x, +Vxr, (1)

where X is the average carbon concentration of the
austenite prior to transformation, V, and V, are the
volume fractions of bainitic ferrite and residual austen-
ite, respectively, at the point where the reaction stops.
Xy, is the carbon concentration of the bainitic ferrite.

Given that in silicon-rich alloys, such as the cast
irons considered here, V,=1— Vi the maximum frac-
tion of bainitic ferrite is given approximately by
Xp,— X

Sl 2)

Xr, = Xy
Since x7 is the carbon concentration of the residual
austenite, its value can be used to calculate the marten-
site-start (Mg) of that austenite. If M falls below room
temperature, the austenite is retained completely. The
maximum volume fraction of retained austenite J7'*
will then equal 1 — V7*** which is calculated using Eq
(2). On the other hand, if Mg exceeds room tempera-
ture, "** can be calculated using the relationship first
1ntroduced by Koistinen and Marburger [14], which
describes the progress of athermal martensitic transfor-
mation in a sample which is initially fully austenitic:

1=V, =exp(— C[Ms—T)) )

where V, is the volume fraction of martensite and C, is
a constant obtained originally by fitting to experimental
data. For the present purposes, where we wish to
determine the austenite retained, 7 is set to 20 °C.

For a specimen which is initially fully austenitic, the
term (1 —V,) in Eq. (3) is equal to yoe because it
represents the volume fraction of austemte which does
not transform to martensite.

An alternative relationship due to Khan and
Bhadeshia [13], based on the effect of autocatalytic
nucleation is given by

—In(1-V)/V,=14+ C[Mg—T] 4

where C, =0.0029 is another fitting constant and the
temperatures are expressed in °C or Kelvin.

It has been pointed out in previous work [3,15] and
shown in Fig. 4 that the concentration of carbon in the
austenite may not be limited exactly by the 7, line when
the distribution of carbon in the austenite is not uni-
form. Indeed, studies specific to cast iron using X-ray
diffraction, by Niesawaah and Hijhof [16], Ahmada-
badi [17] and Chang [18] have shown that the average
carbon concentration in the retained austenite tends to
be slightly higher than indicated by the 7|, curve. Part
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of the reason is that in a heterogeneous sample, X-ray
diffraction tends to over-estimate the carbon concentra-
tion, since it is only the high-carbon regions of austen-
ite that are retained [19].

It is necessary to take account of the transition from
upper to lower bainite in cast irons [22]. It is assumed

580 Ae’
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Fig. 4. The calculated [20] 7, and paraequilibrium Ae’ curves for
Fe-3.5C-2.5Si-0.55Mn—-0.15Mo0-0.31Cu (wt.%). Experimental val-
ues of x, are also shown. Squares correspond to the iron used for 7,
and Aej lines, whereas the open circles are for a similar iron studied
by Rundman [21] (Fe—3.5C-2.1Si-0.5Mn-0.71Mo wt.%).

ferrite

carbide

Fig. 5. TEM micrographs showing brightfield images of (a) = carbides
and (b) silicon-rich carbides of the type (Fe,Si)C,. Selected area
electron diffraction patterns of (c) t and (d) silicon-rich carbides.

here that the transition temperature is =~ 350 °C
[23,24]. The carbon content of upper bainitic ferrite was
considered to be 0.03 (wt.%) [20]. For lower bainite, the
carbon locked in the ferrite, as carbides must increase
as the transformation temperature is reduced; this is
discussed in the next section.

3.1. Carbon in lower bainite

Epsilon (¢) and other transition carbides often occur
in lower bainite in high-carbon high-silicon steels
[25,26], as well as in ADI [27-29]. The detection of
these carbides in lower bainite is important in that it
demonstrates that part of the carbon is not available
for partitioning into the residual austenite. The pres-
ence of transition carbides may also imply the retention
of a high carbon concentration in solution in the ferrite.
Thus, Roberts [30] reported a stable, dissolved carbon
to a concentration of = 0.25 (wt.%) during the precipi-
tation of ¢ carbide. Kang [31] made in situ observations
using hot-stage transmission electron microscopy of the
precipitation of carbides within lower bainite and re-
ported a supersaturation of the order of 0.3 (wt.%) for
a high-silicon steel transformed to bainite at 310 °C.

During the present investigation, carbides were found
within bainitic ferrite for non-homogenised austem-
pered ductile iron Fe—3.5C-2.5Si—-0.55Mn-0.15Mo—
0.31Cu (wt.%) austenitised at 950 °C and austempered
at 250 °C for 50 and 90 min. Fig. 5(a) shows a
brightfield image of carbides for which a diffraction
pattern is shown in Fig. 5(c). Ahmadabadi [29] found
the same diffraction pattern, though he did not index it.
The pattern could not be indexed to other carbides of
the kind associated with bainite [32], but was consistent
with t carbide, which is orthorhombic with lattice
parameters ¢ = 14.8, b=11.4 and ¢=28.5 /OX, as found
by Schissler [33]. Fig. 5(b) shows another brightfield
image of carbides identified as silicon carbides of the
type (Fe,Si)C, [33]. This carbide is also orthorhombic
with lattice parameters a = 6.5, b="7.7 and ¢ =10.4 A.
Fig. 5(d) shows its selected area diffraction pattern.

3.2. Predictions of V** using the model

Eq. (2) for the calculation of the maximum volume
fraction of bainite and Eq. (4) which is due to Khan
and Bhadeshia, were used in conjunction with the curve
illustrated in Fig. 6, to estimate yoe for ADI as a
function of chemical composition and heat treatment.
There is good evidence that the amount of carbon that
is precipitated from supersaturated ferrite during the
bainite transformation, in the form of carbides, in-
creases as the transformation temperature is reduced
[34]. Indeed, this constitutes the mechanism for the
transition from upper to lower bainite as the transfor-
mation temperature is reduced [34]. The profile illus-
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Fig. 6. Assumed concentration of carbon trapped in lower bainitic
ferrite, in the form of carbides and in solution, as a function of
temperature.
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trated in Fig. 6 was therefore determined by optimising
the fit between the measured retained austenite content
and that calculated using Eq. (2) and Eq. (4). Predic-
tions using Eq. (3) showed no significant difference with
those using Eq. (4). The relevant computer program for

carrying out these calculations was linked dynamically
to MTDATA [35], which is a commercially available
phase diagram calculation package of software. The
role of MTDATA in the present work was to enable
the estimation of the carbon concentration in the
austenite, which is in equilibrium with graphite at the
austenitisation temperature, X, for any chemical compo-
sition and austenitising temperature.

The amount of carbon that is trapped in the lower
bainite has been assumed to be the function illustrated
in Fig. 6; the function was arrived at by fitting the
calculated retained austenite content to experimental
data of retained austenite found in the present work for
temperatures < 350 °C. Without making this correc-
tion for carbon trapped in lower bainite, the model
greatly overestimates Ve, as shown by the dashed line
in Fig. 7. This figure also 1llustrates a set of predictions
of Vittasa function of the austempering temperature,
for a cast iron austenitised at 950 °C and of chemical
composition:

Fe —3.5C —2.581 — 0.55Mn — 0.15Mo — 0.31Cu(wt.%).

There are two competing effects that explain the
shape of the curve. The maximum fraction of bainite
that can form increases as the transformation tempera-
ture is reduced, simply because of the slope of the T}
curve. This, in turn, means that the carbon concentra-
tion xr, of the residual austenite is larger at lower
temperatures. Carbon stabilises austenite and therefore,
more of it would tend to be retained on cooling to
ambient temperature.

The second, counteracting effect, is that the forma-
tion of bainite consumes austenite; less austenite is
therefore available for retention as Vo increases. This
effect dominates once (1 — Vma") approaches Ve, at
the lowest of transformation temperatures (Fig. 8) This
is the reason for the peak occurring at the point where
there is a change in the factor controlling the retention
of austenite.

The model assumes a chemically homogeneous cast
iron, which is never the case in practice. In order to
validate the basic structure of the model, experiments
were performed on samples homogenised for 3 days at
1000 °C before austempering. It is recognised that this
treatment does not completely remove chemical segre-
gation, but as illustrated in Fig. 9, it does lead to a
more homogeneous microstructure.

4. Discussion

The predicted retained austenite content is found to
be in reasonable agreement with that observed in the
present work and is also quantitatively consistent with
published results for segregated ductile irons [36—38].
As stated previously, the maximum volume fraction of
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Fig. 9. Micrographs of ductile iron (a) As-cast, with nodules of graphite in a matrix which is a mixture of ferrite and pearlite. (b) As-homogenised
for 3 days at 1000 °C, showing a more uniform microstructure consisting of graphite and martensite.

E 1-ol T T T T
s o8} .
®

52 o6l

58

Ego.'s-

g o2} ,
3

(<]

> o.o 1 1 1 1

250 300 350 400 450
Austempering temperature/ °C

Fig. 10. Comparison between measured data and predicted retained
austenite using the present model (unadjusted 7,) and a model with
an empirical adjustment of 1.35 times x. .

retained austenite depends on two competing effects:
whereas an increase in the fraction of bainite raises the
carbon concentration in the austenite, bainite also con-
sumes austenite and hence, less remains to be retained.
At low temperatures, it is the latter effect which domi-
nates, leading to a fall in the amount of retained
austenite.

For the lower transformation temperatures, the
model seems to overestimate the maximum volume
fraction of retained austenite. One reason for this might
be the discrepancy between the T, curve and the mea-
sured carbon concentrations illustrated in Fig. 4.
Thomson et al., [39] have, in their models, used an
empirical factor to correct the 7|, value in order to
obtain better agreement with certain kinetic data. In
our case, this empirical factor, needed to fit Xz, to the
measured carbon concentration, would be 1.35. How-
ever, it is emphasised that this should be regarded as an
upper limit to the uncertainty, since, as pointed out
earlier, X-ray measurements tend to overestimate the
carbon concentration of austenite in bainitic mi-
crostructures. Fig. 10 is therefore a comparison of
measured data against a shaded region defined by
calculations using the unadjusted 7|, curve and one with
the empirical adjustment. It appears, therefore, that the
major reason for any discrepancy between theory and

experiment is the inhomogeneous distribution of carbon
in the residual austenite.

5. Conclusions

There are many results in the literature [40—43] and
new results have been obtained in the present work,
which show that the maximum content of retained
austenite that can be obtained in austempered ductile
cast iron peaks as a function of the isothermal transfor-
mation temperature.

It has been demonstrated that this behaviour can be
understood in terms of two competing effects. The first
is that the formation of bainite enriches the residual
austenite so that more austenite is retained on cooling
to ambient temperature. The second effect dominates at
the lower transformation temperatures because the very
formation of bainite leaves less austenite available for
retention.

Consistent with the observation of lower bainite, it
has been necessary to assume that the amount of
carbon that is trapped within bainitic ferrite, as car-
bides and in solution, increases as the transformation
temperature is reduced below 350 °C.
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