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The bainite transformation in steels can provide improved
mechanical properties over tempered martensite micro-
structures [1]. For some components such as gears, a
bainitic surface structure with a tempered martensite core
provides optimum properties. In order to obtain such a
distribution of microstructures, it is necessary for the
component to be case carburized. This provides the
opportunity to austemper at a temperature, which is above
the Mg of the surface region to allow transformation to
bainite but below the Mg of the core so that a tempered
martensite structure is produced. Since case carburization
leads to a carbon concentration gradient decreasing away
from the surface the bainite transformation kinetics vary
with distance. In order to optimize the processing, it is
necessary to understand how carbon content affects the
bainite transformation kinetics. Bainite transformation
kinetics can be determined by dilatometry. Although dila-
tometry has been used to measure Mg temperature during
bainite transformation [2], the measurements were not
made as a function of bainite transformation time and were
not correlated to carbon content in the austenite. In this
work, we have established the carbon content in austenite
as a function of austempering time by dilatometry.

The carbon concentration of bainitic ferrite during
transformation is one of the most important factors
to determine and understand the kinetics of carbide
precipitation during the bainite transformation. It is widely
believed that there is initially a shear transformation of
austenite to ferrite of the same carbon content which is
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followed by the carbon supersaturation in bainitic ferrite
being relieved under paraequilibrium boundary conditions
by partition into the residual austenite during the bainite
transformation and by precipitation of carbon [3-9]. An
alternative model has been considered in which the carbon
diffuses during the transformation of austenite to ferrite
under equilibrium condition at the interface [3—6]. A third
model intermediate between the other two has been con-
sidered in which the ferrite grows with a partial supersat-
uration of carbon and the remaining carbon partitioning
into austenite or forming carbides [3—6, 8, 10-13]. These
different models predict different limiting carbon contents
in the austenite before the transformation ceases.

In this work, we are interested in the transformation
kinetics in the carburized case of a 4317M2 steel. In order
to study the transformation kinetics in the case two
experimental heats with carbon contents of 0.58% and
0.82% were produced, Table 1, designated 2358 and 2359.
These carbon contents correspond to the mid-point and
maximum in the carbon case profile, respectively. The Mg
temperatures of the steel 4317M2 and the two experimental
heats were determined by dilatometry using the tempera-
ture profiles as shown in Fig. 1a). The first cycle is for the
initial microstructure preparation. The second cycle is to
identify the Mg temperature. Cylindrical specimens were
machined with dimensions 10 mm diameter and 84 mm
length and mounted in a Gleeble 3500 thermomechanical
simulator and a diametrical dilatometer attached. The
dilatometer was used to measure the diameter change
during the thermal processing. The cooling rate used was
the fastest cooling rate available in the Gleeble (i.e. con-
tinuous free cooling with power off), which is adequate to
avoid the pearlite and bainite transformation regions in
these steels. The dilatometry curve to determine the Mg
temperature measured for 2358 is shown in Fig. 1b. It
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Table 1 Chemical composition of the steels

C Mn P S Si Ni

Mo Cu Sn Al \'% Nb Ti

4317 M2 0.18 0.8
2358 0.58 0.82
2359 0.82 0.86

0.011
0.004
0.003

0.022 0.09 1.67
0.023 0.04 1.9
0.024 0.04 1.9

0.56 0.71 0.14
0.55 0.77 0.04 -
0.55 0.76 0.04 -

0.007 0.021 0.003 0.014 0.002
0.028 - - -

0.031 - - -
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Fig. 1 Mg temperature determination; (a) temperature-time profile
for 2358 and (b) dilatometry curve

shows the austenite begins to transform to martensite (the
changing dilation) at 236 °C during cooling from the
austenitizing temperature (925 °C) to room temperature
(25 °C). The Mg temperatures were determined from the
change in slope of the dilatometry curve on cooling. From
the Mg temperatures measured for all three materials,
which have essentially the same chemical composition
except for carbon, we can obtain the relationship of Mg
temperature as a function of carbon content, shown in
Fig. 2 with the polynomial fit shown in Eq. (1) and Wang
exponential dependency equation [14]:

Mg = 486.4 — 501.9(wt% C) + 122.6(wt% C)? (1)
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The Mg temperature decreases as the carbon content in
austenite increases. Using Eq. (1), we can calculate the
carbon content for an Mg temperature corresponding to
room temperature (25 °C) which is 1.39 wt% C and Eq. (1)
is assumed to be valid up to this carbon content.

Austempering experiments were performed in order to
measure the Mg temperature change as a function of aus-
tempering holding time. The austempering experiments for
2358 were performed in two cycles as shown in Fig. 3. The
first cycle is to provide the same microstructure prior to
each experiment. The second cycle is the austempering
experiment to form bainite above the Mg temperature. The
average austenite grain size for the austempering experi-
ment was about ASTM 9.6 determined from several
experiments. After completing the first cycle, the speci-
mens were heated to austenitizing temperature (925 °C),
held for 5 min and then cooled to different austempering
temperatures (i.e. 300 °C and 340 °C). The specimens
were held at the austempering temperature for different
times and then cooled to room temperature (25 °C). The
Mg temperature was measured for each different austem-
pering holding time and austempering temperature during
the cooling. Figure 4 shows the dilatometry result for the
0.58% C alloy austempered at 300 °C for 15 min. It can be
seen that prior to the austempering there are no other
transformations during cooling, confirming that the cooling
rate is sufficient to avoid the pearlite nose of the C curve of
the TTT diagram. There is a decrease of the Mg tempera-
ture upon austempering the material as a function of time.
This decrease of Mg temperature is due to the rejection of
carbon from bainite into austenite. Figure 5 shows the
results of Mg temperature as a function of holding time for
austempering temperatures of 300 °C and 340 °C. Each
data point represents the average of at least three mea-
surements. The measured Mg temperature represents the
minimum carbon content in the austenite.

Austenite carbon content was calculated by taking the
Mg temperature data as a function of austempering time and
using Eq. (1). Figure 6 shows the relationship of the carbon
content in austenite as a function of holding time. Upon
austempering at 300 °C and 340 °C, there is an increase in
carbon content in the austenite due to rejection of carbon
from the bainite. However, the austenite carbon content
reaches a limiting value, depending upon the austempering
temperature, of about 1.32% C and 1.2% C for 300 °C and
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Fig. 3 M; temperature as a function of carbon content

340 °C, respectively. As expected, the carbon rejection rate
is higher at higher austempering temperatures.

In this work, the calculated carbon content in austenite
assumes paraequilibrium i.e. only carbon is partitioned
during the bainite transformation. If other elements parti-
tion, they will alter the Mg temperature. The chemical
composition of austenite was predicted by assuming the
bainite grows without any initial diffusion, so that some of
the excess carbon is partitioned into the residual austenite
and some as carbide precipitates. Quidort [15] showed
carbon enrichment in austenite only in the region of the
bainite laths because cementite precipitation removed the
excess carbon. In our case we observe both carbide
precipitation in the bainite laths and significant austenite
carbon enrichment.

Temperature (C)

Fig. 4 Mg temperature measurement using dilatometry curve after
austempering at 300 °C for 15 min

The transformation from austenite to bainite of the same
composition has a thermodynamic driving force as long as
the austenite has a higher free energy than the ferrite [3, 5,
6]. Ignoring the small term strain energy associated with
the growth of bainite [3], the carbon content corresponding
to T, at the austempering temperature, 7, will define the
limit for the lower bainite transformation. Ty is the tem-
perature at which austenite and ferrite of identical com-
position have equal Gibbs free energy and there is zero
driving force. Once the austenite carbon concentration has
reached that corresponding to the T, for that particular
austempering temperature the transformation ceases. The
bainite transformation cannot proceed if the carbon content
of the austenite is beyond that corresponding to 7 [3, 5, 6,
16, 17]. This reaction is said to be incomplete, since the
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Fig. 6 Carbon content in austenite as a function of austempering
holding time with calculated 7, composition at each austempering
temperature

austenite has not achieved its equilibrium composition
(given by the Ae; curve) at the point the reaction stops [3,
5, 6, 18, 19].

In order to ascertain if the limiting carbon content
measured experimentally corresponds to the composition at
T, free energy curves for ferrite and austenite in 2358 were
calculated as a function of carbon content using Thermo-
Calc™, Fig. 7(a). The T, calculation plot is shown in
Fig. 7(b) and a linear fit to the data gives:

To = 733.2 — 33609W(C) (2)

The carbon composition for 7, is given in weight
fraction of carbon (W(C)). From the above equation the
carbon compositions corresponding to 7, of 300 °C and
340 °C, are 0.0129 (1.29 wt% C) and 0.0117 (1.17 wt% C)
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Fig. 7 Calculated free energy curves for ferrite and austenite and 7,
for 2358 at 300 °C

respectively. The limiting carbon contents corresponding to
T =T, are compared with the experimental results in
Fig. 6. It is clear that there is excellent agreement between
the measured limiting austenite carbon content achieved
during the bainite transformation and the calculated carbon
content corresponding to Tj.

In summary, the carbon content in residual austenite
during the transformation to bainite at constant temperature
was determined as a function of time by using the rela-
tionship between Mg temperature and carbon content as
shown in Fig. 2 and Eq. (1). There is a good agreement
between our experimental results and the exponential
dependency equation of Wang [14]. During the bainite
transformation, the carbon content in the residual austenite
increases with increase of austempering holding time. The
carbon content in austenite determined from measured Mg
temperature represents the minimum carbon content in the
residual austenite. The maximum values of carbon content
obtained in the residual austenite from our experiments
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show excellent agreement with the values of carbon con-
tent corresponding to T4 = T calculated from Thermo-
calc™. These experimental results directly support the
model of formation of fully supersaturated bainitic ferrite
with the same composition as the austenite from which its
for Mg followed by partitioning of carbon from ferrite to
austenite and carbide precipitate in the ferrite laths. The
transformation ceases after the carbon content in the aus-
tenite reaches the T, composition at the austempering
temperature.
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