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The formation of austenite during the heating of high-silicon steels with a microstructure of bainitic ferrite plates separated by carbon-
enriched regions of retained austenite has been studied. As the steel is heated, retained austenite decomposes into a mixture of ferrite and
carbides before a temperature is reached where it becomes the more stable phase and hence can grow. The decomposition makes it necessary for
the austenite to nucleate from the mixture of ferrite and carbides. In this work, dilatometric analysis, transmission electron microscopy and X-ray
diffraction have helped to identify the processes that take place during the heating experiment.
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1. Introduction

As a continuation of a programme of research on the
formation of austenite in steels with a variety of initial
microstructures,1–6) we deal here with austenite formation in
high-silicon bainitic steels. The alloy composition is chosen
such that an initial microstructure of austenite and bainitic
ferrite can easily be obtained;7–12) steels of this kind have
become extremely important in recent years, primarily
because of their excellent combination of strength and
toughness.

Silicon retards the precipitation of cementite from austen-
ite. As a consequence, the carbon that is partitioned into the
austenite during the bainite reaction remains there, stabilises
the austenite, permitting it to be retained to ambient temper-
ature. The final microstructure thus consists of plates of
bainitic ferrite embedded in carbon-enriched retained aus-
tenite. The austenite is usually present in two forms, as thin
films between the bainitic ferrite plates, and as coarser blocks
between different sheaves of bainite. The films tend to
contain larger concentrations of carbon because they are
physically isolated between ferrite platelets.

Yang and Bhadeshia13,14) first described the austenitisation
kinetics of the microstructure described above. Since the
bainite reaction stops before the austenite reaches its
equilibrium or paraequilibrium carbon concentration, the
austenite remains metastable until a temperature is reached
where its composition is consistent with equilibrium. The
austenite can then grow without the need for nucleation.

However, the metastable austenite may decompose during
heating into a mixture of ferrite and carbides before reaching
the higher temperature where it can grow. Blocky austenite
tends to decompose into fine pearlite whereas the films
decompose into discrete particles of cementite in a matrix of
ferrite.15) If this decomposition occurs before the austenitisa-
tion temperature is reached then it is necessary to nucleate
new austenite. In this work, dilatometric analysis, together
with transmission electron microscopy and X-ray diffraction,
is used to characterise the processes that take place in the
reaustenitisation of high silicon bainitic steels. One of the
alloys studied contains a large carbon concentration and has

been the subject of considerable research because of its
outstanding combination of strength and toughness.12,16,17)

2. Experimental Procedure

The chemical compositions of the steels studied are given
in Table 1. Steel 1 was prepared as a 35 kg vacuum
induction-melt using high-purity base materials. After cast-
ing and cropping, the ingot was hot forged down to a
thickness of 65mm. This was then homogenised at 1200�C
for 2 days and cut into smaller 65mm thick samples which
were forged down to 50mm thickness. These samples were
then held at 900�C for 2 h, removed from the furnace and
immediately hot-pressed to a thickness of 25mm before their
temperature fell below 750�C. Finally they were allowed to
cool in air.

Steel 2 was supplied as a cast ingot, samples of which were
then homogenised at 1200�C for 2 days whilst sealed in
partially evacuated quartz capsules flushed with argon. The
sealed samples were cooled in air following the homoge-
nisation heat treatment. They were then austenitised for
15min at 1000�C, followed by isothermal transformation at
190�C for 14 days before quenching into water.

X-ray analysis was used to determine the fraction of
retained austenite. After grinding and final polishing using
0.25 mm diamond paste, the samples were etched to obtain an
undeformed surface. They were then step-scanned in a
Philips-PW 1730 X-ray diffractometer using unfiltered Cu K�

radiation. The scanning speed (2�) was 1 degreemin�1. The
machine was operated at 40 kV and 40mA. The retained
austenite content was calculated from the integrated inten-
sities of 200, 220 and 311 austenite peaks, and those of the
002, 112 and 022 reflections from ferrite18) Using three peaks
from each phase avoids biasing the results due to any
crystallographic texture in the samples.19) The carbon

Table 1 Chemical Composition of the Steels, mass%.

Alloy C Si Mn Ni Cr Mo V

Steel 1 0.30 1.51 <0:01 3.53 1.42 0.25 <0:005

Steel 2 0.79 1.59 1.94 0.02 1.33 0.30 0.11
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concentration in the austenite was estimated from the
measured lattice parameters.20)

Specimens for transmission electron microscopy (TEM)
were machined down to 3mm diameter rods. The rods were
sliced into 100 mm thick discs and subsequently ground down
to foils of 50 mm thickness on wet 800 grit silicon carbide
paper. These foils were finally electropolished at room
temperature until perforation occurred, using a twin-jet
electropolisher set at a voltage of 40V. The electrolyte
consisted of 5% perchloric acid, 15% glycerol and 80%
methanol. The foils were examined in a JEOL JEM-200 CX
transmission electron microscope at an operating voltage of
200 kV.

Dilatometric analysis was carried out in an Adamel
Lhomargy DT1000 high-resolution dilatometer. The dimen-
sional variations in the specimen are transmitted via an
amorphous silica pushrod and measured by a linear variable
differential transformer (LVDT) in a gas-tight enclosure,
enabling tests under vacuum or in an inert atmosphere. The
DT1000 dilatometer is equipped with a radiation furnace for
heating. The energy radiated by two tungsten filament lamps
is focused on a cylindrical specimen of 2mm in diameter and
12mm in length by means of a bi-elliptical reflector. The
temperature is measured with a 0.1mm diameter chromel-
alumel (type K) thermocouple spot welded to the specimen.
The high efficiency of heat transmission and the very low
thermal inertia of the system ensure that constant heating
rates ranging from 0.003 to 200�C s�1 can be achieved.

Vickers hardness tests results are quoted here as an average
of at least five individual measurements.

3. Results and Discussion

3.1 Characterisation of initial microstructures
Figure 1 shows the initial microstructures of Steels 1 and

2, consisting of mixtures of bainitic ferrite and retained
austenite. Some martensite was also observed in Steel 1, but
its volume fraction was found to be negligible; moreover, it is
difficult to determine whether the martensite is a conse-
quence of the thinning process or whether it was present in
the original microstructure.

Table 2 lists the quantitative data on these initial micro-
structures. Because of the high carbon content in austenite
(x�), the majority of residual austenite present after bainite
transformation is retained on cooling to room temperature.
Likewise, due to the high volume fraction of bainitic ferrite in
both steels, �0:89 in Steel 1 and 0.87 in Steel 2, the retained
austenite was largely present as films between the subunits of
bainitic ferrite instead as blocks. These films have a typical
wavy morphology characteristic of the bainite in high-silicon
steels.9,21)

Despite the high carbon content in Steel 2 (0.79mass%)
and the quite large fraction of bainite present in its micro-
structure, austenite is not greatly enriched in carbon in this
steel (Table 2). This is only possible if a substantial quantity
of carbon is trapped in the bainitic ferrite as X-ray data in
Table 2 confirm.

3.2 Dilatometric analysis during continuous heating
Figure 2 shows the relative change in length as a function

of temperature undergone by Steel 1 and Steel 2 during slow
heating (0.05�C s�1). The heating dilatometric curve displays
two contractions, one at intermediate temperatures (414�C in
Steel 1 and 428�C in Steel 2) and the other at higher
temperatures (725�C in Steel 1 and 765�C in Steel 2).
Therefore, the determination of the temperature range
corresponding to austenite formation is not obvious from
the dilatation data.

The contraction at intermediate temperatures may corre-
spond to either to the growth of existing austenite, or its
decomposition into ferrite and carbides. It cannot represent a
magnetic transition in ferrite, which can only lead to a change
in slope rather than a contraction. To investigate further,
specimens of both steels were heated up to 600�C and
immediately cooled down to room temperature; the results
are presented in Fig. 3. The fact that the contraction is not
reversible confirms, as expected, that it does not represent a
magnetic transition. The observed contraction is unlikely to
represent the growth of austenite since its subsequent
decomposition is not detected during cooling.

A slight decrease in the slope of the dilatometric curve

Fig. 1 Transmission electron micrograph of initial microstructures: a)

Steel 1; b) Steel 2. Microstructures consisting of mixtures of bainitic ferrite

and retained austenite.

Table 2 Quantitative Data on Initial Microstructure.

Alloy V�
x� ,

(mass%)

x�,

(mass%)

Steel 1 0:11� 0:01 1:03� 0:10 0:12� 0:07

Steel 2 0:13� 0:01 1:72� 0:10 0:33� 0:07

V� retained austenite volume fraction; x� carbon content in austenite;

x� carbon content in bainitic ferrite
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during cooling, occurs at about 235�C in both steels. This is
attributed to the paramagnetic to ferromagnetic transition in
cementite.22) The Curie temperature of pure cementite is
about 230�C,23) very close to the temperature at which the
change in slope is discovered. The results indicated that the
austenite decomposed during heating, into cementite and
ferrite, and that the contraction observed during heating is
due to the decomposition of the austenite, consistent also
with the hardness data listed in Table 3.

To confirm this conclusion, the heating experiments were
repeated, but this time, the sample was quenched once it
reached 545�C in Steel 1 and 565�C in the case of Steel 2; in
both cases these temperatures are 10�C above the completion

of the first contraction. The microstructures of these samples
were characterised using TEM and X-ray analysis. Hardness
values of those microstructures are listed in Table 3.

Figure 4 establishes the presence of cementite precipitates
and ferrite instead of retained austenite, confirming the
interpretation of the dilatometric data. The X-ray diffraction
patterns in Fig. 5 demonstrate the absence of austenite in the
microstructure at 545�C in Steel 1. It appears therefore that
austenite decomposes into ferrite and cementite around
420�C in both steels.

It may at first sight appear inconsistent that there should be
a contraction when austenite decomposes into ferrite and
cementite (Fig. 2). Indeed, Yang and Bhadeshia14) reported
an expansion for this effect. By contrast, Kapoor et al.24) also
found a significant contraction indicating precipitation of
nickel-rich phases before martensite to austenite transforma-

Fig. 2 Heating dilatometric curve corresponding to a heating rate of

0.05�C s�1 for both steels: a) Steel 1; b) Steel 2.

Fig. 3 Complete dilatometric curve corresponding to a heating up to 600�C

and subsequent cooling down to room temperature: a) Steel 1; b) Steel 2.

Table 3 Hardness Data of Different Microstructures of the Alloys Studied.

Alloy Heat treatment
Hardness,

HV30*

As-received microstructure 536� 6

Steel 1 Heating up to 600�C, cooling at 1�C s�1 479� 5

Heating up to 545�C, WQ 470� 7

As-received microstructure 648� 8

Steel 2 Heating up to 600�C, cooling at 1�C s�1 588� 4

Heating up to 565�C, WQ 604� 9

*Hardness values are averaged over 5 tests
yWQ water quenching

Fig. 4 Transmission electron micrograph of microstructures obtained by

interrupted heating by quenching at 10�C above the completion of the first

contraction: a) Steel 1; b) Steel 2. Microstructure formed by bainitic ferrite

and cementite particles.
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tion during continuous heating of 350 grade maraging steel. It
will be shown later that a contraction is expected for the
steels considered here, because the sign depends on the
composition of the austenite prior to decomposition.

A further experiment was carried out in which both steels
were tempered at 450�C for 3 h to induce the austenite to
decompose. Figure 6 shows the micrographs of the as-
tempered microstructure in both steels. Moreover, Fig. 7
shows the relative change in length as a function of
temperature of both tempered microstructures for a heating
rate of 0.05�C s�1. It is evident that the heating dilatometric
curve of as-tempered microstructures does not display the

contraction at intermediate temperatures, because there is no
austenite left after the tempering treatment. Once the
austenite has been eliminated by tempering, the only
contraction observed is at higher temperatures due to the
formation of austenite. The slight increase in the slope of the
dilatometric curve observed at low temperatures (�225�C in
both steels) is associated to the Curie temperature of the
cementite present in the tempered microstructure.

3.3 Heating critical temperatures
As mentioned above, dilatometric curves in Fig. 2 repro-

duce the two contractions undergone by Steel 1 and Steel 2
during slow heating. Austenite begins to decompose into
ferrite and cementite at T� temperature. On the other hand,
the formation of austenite takes place between the Ac1 and
Ac3 temperatures which represent, respectively, the temper-
ature at which the transformation of ferrite and cementite into
austenite starts and ends.

The influence of heating rate on the Ac1 and Ac3
temperatures is shown in Fig. 8 for both the initial micro-
structure (closed symbols) and the microstructure after
tempering at 450�C for 3 h (open symbols). T� data are of
course only available for the initial microstructures where
(unlike the tempered samples) carbide formation can occur
during tempering. The Ac1 and Ac3 temperatures for both
steels in both conditions are similar, proving that the
behaviour beyond T� is identical in both conditions since
carbides form during heating in the untempered samples.

Finally, experimental results of Ac1 temperature in Steel 2
are about 50�C higher than in Steel 1 for all the heating rates
tested. These results are in accordance with thermodynamic
calculations using MTDATA,25) in which a difference of
35�C between the Ac1 temperature of both steels is predicted.

3.4 Decomposition of retained austenite (�þ ! �þ �)
The temperature at which austenite decomposes into

ferrite and cementite increases with heating rate but the

Fig. 5 X-ray analysis of Steel 1 in the initial microstructure, and in the

microstructure obtained by interrupted heating by quenching at 10�C

above the completion of the first contraction.

Fig. 6 Transmission electron micrograph of microstructures obtained by

tempering at 450�C for 3 hours: a) Steel 1; b) Steel 2. Microstructure

formed by bainitic ferrite and cementite particles.

Fig. 7 Heating dilatometric curve corresponding to a heating rate of

0.05�C s�1 for both steels in as-tempered condition: a) Steel 1; b) Steel 2.
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reaction is not suppressed even at the highest rates used
(Fig. 9). Comparison of Fig. 2 and Fig. 9 suggests that the
contraction in the heating dilatometric curve associated with
the decomposition of austenite is larger at lower heating rates

or increasing x� .
By contrast, Yang and Bhadeshia14) observed an expansion

due to the decomposition of austenite. A further analysis of
the dilatometric data is necessary to explain these apparently
contradictory results.

Assuming that the sample expands isotropically, the
relative length change, �L

Lo
, for the reaction �þ ! �þ �

can be calculated from the volume of the unit cells and the
volume fractions of the different phases present in the
microstructure at a given temperature,2,26)

�L

Lo
¼

1

3

ðV�a
3
�Þ � 2V�a

3
� þ

1

3
V�a�b�c�

 !

ðV�a3�Þ

2
66664

3
77775 ð1Þ

where V�;�;� are the volume fractions of ferrite, cementite and
retained austenite, respectively. The numerical factors take
into account of the different numbers of atoms per unit cell;
a� , a�, a�, b� and c� are the lattice parameters of austenite (�),
ferrite (�), and cementite (�), calculated as follows:

a� ¼ a�ob1þ ��ðT � 25Þc ð2aÞ
a� ¼ a�ob1þ ��ðT � 25Þc ð2bÞ
a� ¼ a�ob1þ ��ðT � 25Þc ð2cÞ
b� ¼ b�ob1þ ��ðT � 25Þc ð2dÞ
c� ¼ c�ob1þ ��ðT � 25Þc ð2eÞ

where the subscript ‘o’ in each case represents the lattice
parameter at room temperature: a�o

¼ 0:28664 nm; a�o , b�o ,
c�o are equal to 0.45246, 0.50885 and 0.67423 nm, respec-
tively;27) a�o is calculated as in;20,28) ��;�;� are the respective
linear thermal expansion in �C�1, with �� ¼ 1:224 �
10�5�C�1 and �� ¼ 2:065 � 10�5�C�129) and from Ref. 27),

�� ¼ 6:0 � 10�6 þ 3:0 � 10�9ðT � 25Þ
þ 1:0 � 10�11ðT � 25Þ2 ð3Þ

where T is the temperature.
Figure 10 shows the calculated relative change in length

for the isothermal reaction �þ ! �þ � at 450�C in Steel 2
as a function of x� . No being our intention to evaluate
quantitatively calculations against experimental results,

Fig. 8 Influence of heating rate on the heating critical temperatures of both

steels in as-received and tempered conditions: a) Steel 1; b) Steel 2.

Fig. 9 Heating dilatometric curve corresponding to a heating rate of

40�C s�1 for both steels: a) Steel 1; b) Steel 2.

Fig. 10 Calculated relative change in length due to the isothermal

decomposition of austenite into ferrite and cementite at 450�C in Steel 2.
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calculations qualitatively indicate that a higher x� leads to an
increase in a� and hence a reduction in the density of
austenite. Thus, when high-carbon austenite decomposes to
ferrite and carbides, there is a net contraction, whereas a low
value of x� leads to a net expansion as in Ref. 14). The results
also explain why the contraction is found to be greater as x�
increases.

4. Conclusions

Over the range of heating rates studied, the retained
austenite in high-silicon bainitic steels decomposes into a
mixture of ferrite and cementite before the austenite can
begin to grow. The ultimate formation of austenite during
heating therefore requires it to nucleate.

The volume change expected when the austenite decom-
poses is shown to be negative when the carbon concentration
of austenite (x�) is large, and positive when it is small,
explaining both the present results and those in the published
literature.
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