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Carbon Partitioning During Bainite Transformation in 4317 Type Steels
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The carbon partitioning during bainite transformation was studied using a diametrical dilatometer. The rela-
tionship of MS temperature as a function of carbon content was determined for 4317 type steels. Austempering
experiments were performed in which the MS temperature was measured as a function of austempering holding
time and temperature. The minimum values of carbon content in the residual austenite were determined from
measured MS temperature values and the relationship to carbon content. The results are compared to the
T0 carbon composition calculated by ThermocalcTM for each austempering temperature assuming paraequi-
librium. Good agreement is found between the calculated T0 composition and the final austenite composition. 
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1. INTRODUCTION

Bainitic steels are used in a number of applications in
industry because bainite structures have good mechanical
properties. They are stronger and harder than pearlite and
have greater toughness than tempered martensite. The study
of bainite transformation kinetics in steels can result in
improved mechanical properties over tempered martensite
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 MS temperature of the sur-
face region to allow transformation to bainite, but below the
MS temperature of the core so that a tempered martensite
structure is produced. Since case carburization leads to a car-
bon concentration 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 dilatometry has been used to measure
MS temperature during bainite transformation [2], the mea-
surements were not made as a function of bainite transfor-
mation time and were not correlated to carbon content in the
austenite. In this work, we have established the carbon con-
tent in austenite as a function of austempering time by

dilatometry.
The carbon concentration of bainitic ferrite during trans-

formation 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 followed by the supersatura-
tion of carbon in bainitic ferrite being relieved under
paraequilibrium boundary conditions. This occurs by parti-
tion into the residual austenite during the bainite transforma-
tion and by precipitation of carbon [3-9]. An alternative
model has been considered in which the carbon diffuses dur-
ing the transformation of austenite to bainitic ferrite under
equilibrium condition at the interface [3-6]. A third model
intermediate between the other two has been considered in
which the ferrite grows with a partial supersaturation of car-
bon and the remaining carbon partitioning into austenite or
forming carbides [3-6,8,10-13]. These different models pre-
dict different limiting carbon contents in the austenite before
the transformation ceases.

2. EXPERIMENTAL PROCEDURE

In order to study the carbon partitioning in the carburized
case of a 4317 M2 steel, two experimental heats with carbon
contents of 0.58 and 0.82 wt.% were produced, Table 1, des-
ignated 2358 and 2359. These carbon contents correspond
to the mid-point and maximum in the carbon case profile
respectively. 

Austempering experiments were performed in order to*Corresponding author: nash@iit.edu
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measure the MS temperature change as a function of austem-
pering holding time. The austempering experiments for 2358
were performed in two cycles as shown in Fig. 1. The first
cycle is to provide the same microstructure prior to each
experiment. The second cycle is the austempering experi-
ment to form bainite above the MS temperature. Cylindrical
specimens were machined with dimensions 10 mm diameter
and 84 mm length and mounted in a Gleeble 3500 thermo-
mechanical simulator with a diametrical dilatometer attached
to the specimen. The dilatometer was used to measure the
diameter change during the thermal processing. After com-
pleting the first cycle, the cylindrical specimens were heated
to austenitizing temperature (925 oC), held for 5 min and
then cooled to different austempering temperatures (i.e. 260,
300, and 340 oC). The specimens were held at the austem-
pering temperature for different times and then cooled to
room temperature (25 oC). Longer holding time in the auste-
nite region did not change the MS temperature of the steel
indicating essentially complete dissolution of carbide. 

Optical microscopy and SEM were used to examine the
microstructure and analyze the amount of bainite and auste-
nite, after austempering at 260 oC for 17 and 100 min.

3. RESULTS AND DISCUSSION

3.1. MS temperature
As previously reported [14] MS temperatures measured for

all three materials, which have essentially the same chemical

composition except for carbon, were plotted to obtain the
relationship of MS temperature (oC) as a function of carbon
content, and fitting with a polynomial shown in Eq. 1:

(1)

The MS temperature decreases as the carbon content in
austenite increases. Using Eq. 1, we can calculate the carbon
content for an MS temperature corresponding to room tem-
perature (25 oC) which is 1.39 wt.%C and Eq. 1 is assumed
to be valid up to this carbon content.

3.2. Carbon content in austenite
From the austempering experiment, the MS temperature

was measured for each different austempering holding time
and temperature during the cooling. As previously reported
[14] the MS temperature measured for 2358 (0.58 wt.%C) is
about 236 oC. Figure 2 shows the dilatometry result for
the 0.58 %C alloy austempered at 260 oC for 17 min, where
it can be seen that the MS temperature decreased from 236 to
232 oC. Prior to the austempering there are no other transfor-
mations 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 MS temperature
upon austempering the material as a function of time for

MS 486.4 501.9 wt.%C� �– 122.6 wt.%C� �2+=

Table 1. Chemical composition of the steels
C Mn P S Si Ni Cr Mo Cu Sn Al V Nb Ti

4317 M2 0.18 0.80 0.011 0.022 0.09 1.67 0.56 0.71 0.14 0.007 0.021 0.003 0.014 0.002
2358 0.58 0.82 0.004 0.023 0.04 1.9 0.55 0.77 0.04 - 0.028 - - -
2359 0.82 0.86 0.003 0.024 0.04 1.9 0.55 0.76 0.04 - 0.031 - - -

Fig. 1. Austempering experiment temperature-time profiles for steel
2358.

Fig. 2. MS temperature measurement using dilatometry curve after
austempering at 260 oC for 17 min.
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each austempering temperature. This decrease of MS temper-
ature is due to the rejection of carbon from bainite into aus-
tenite. Figure 3 shows the results of MS temperature as a
function of holding time for austempering temperatures of
260, 300, and 340 oC. Each data point represents the average
of at least 3 measurements.

Austenite carbon content was calculated by taking the MS

temperature data as a function of austempering time and
using Eq. 1. Figure 4 shows the relationship of the carbon
content in austenite as a function of holding time. Upon
austempering at 260, 300, and 340 oC, 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 and 1.2 wt.%C for 300 and
340 oC respectively. Measurement of MS temperature below
room temperature (25 oC) is currently not possible with the
experimental set up and so the limiting value for austenite
carbon content for austempering at 260 oC cannot currently
be measured. For austempering at 260 oC, the maximum
value of austenite carbon content measured is about 1.34
wt.%C as shown in Fig. 4 but the curve is clearly still rising
with austempering time. As expected, the carbon rejection
rate is higher at higher austempering temperatures.

In this work, the calculation of carbon content in austenite
assumes paraequilibrium i.e. only carbon is partitioned dur-
ing the bainite transformation. If other elements partition,
they will alter the MS temperature. The chemical composi-
tion of austenite was predicted by assuming that the bainite
grows without any initial diffusion, and then some of the
excess carbon is partitioned into the residual austenite and
some as carbide precipitates. 

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 any strain energy associated with the growth of
bainite, the carbon content corresponding to T0 at the austem-
pering temperature, TA, will define the limit for the bainite
transformation. T0 is the temperature at which austenite and
ferrite of identical composition have equal Gibbs free energy
and there is zero driving force. Once the austenite carbon
concentration has reached that corresponding to the T0 for
that particular austempering temperature the transformation
ceases. The bainite transformation cannot proceed if the car-
bon content of the austenite is beyond that corresponding to
T0 [3,5,6,15,16]. This reaction is said to be incomplete, since
the austenite has not achieved its equilibrium composition
(given by the Ae3 curve) at the point the reaction stops
[3,5,6,17,18].

In order to ascertain if the limiting carbon content mea-
sured experimentally corresponds to the composition at T0,
free energy curves for ferrite and austenite in 2358 were cal-
culated as a function of carbon content using ThermoCalcTM,
Fig. 5, upper graph. The T0 calculation plot is shown in Fig. 5,
lower graph, and a linear fit to the data gives:

(2)

The carbon composition for T0 is given in weight fraction
of carbon (W(C)). From the above equation the carbon com-
positions corresponding to T0 of 260, 300, and 340 oC, are
1.41, 1.29, and 1.17 wt.%C respectively. The limiting carbon
contents corresponding to TA = T0 are compared with the
experimental results in Fig. 4. For austempering at 300 and

T0 733.2 33609W C� �–=

Fig. 3. MS temperature as a function of austempering holding time.

Fig. 4. Carbon content in austenite as a function of austempering
holding time with calculated T0 composition at each austempering
temperature.
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340 oC, it is clear that there is excellent agreement between
the measured limiting austenite carbon content achieved dur-
ing the bainite transformation and the calculated carbon con-
tent corresponding to T0. For austempering at 260 oC, there
is a limitation of the MS temperature measurement because
MS temperature for an austempering time exceeding 180 min
is lower than room temperature (25 oC), and so the carbon
content in the austenite due to rejection of carbon from the
bainite could not be measured experimentally at the limiting
value from calculation of T0.

3.3. Microstructure analysis
The microstructure at an early stage of the bainite transfor-

mation in 2358 (0.58 wt.%C), which was austempered at
260 oC for 17 min, is shown in Fig. 6. In Fig. 6(a) with lower
magnification (× 400), it shows a small amount of lower
bainite (dark) and a large amount of martensite combined
with a small amount of retained austenite (light) as expected
from the results from the dilatometry curve shown in Fig. 2.
From Fig. 6(b) with higher magnification (× 1,000), it was

found that each single bainitic ferrite plate consists of many
parallel thin bainitic ferrite platelets, which is verified by the
SEM micrograph (Figs. 6(c) and (d)) at the early stage of the
formation of bainite. This suggests that the bainitic ferrite
will start to form as parallel thin platelets with the carbides
precipitating in one variant of the orientation relationship.
Then they will grow in both longitudinal and lateral direc-
tions and meet together side by side to form the larger bai-
nitic ferrite plate as shown in the optical micrograph (Fig.
6(b)). The details of this suggested new mechanism for the
bainite transformation will be discussed in a separate paper.

The microstructure of the lower bainite after austempering
at 260 oC for 100 min is shown in Fig. 7. It shows that with
elongated holding time, the microstructure (Fig. 7(a)) is
mostly lower bainite, with a small amount of martensite and
retained austenite. The SEM micrograph (Fig. 7(c)) shows
very clearly that in some areas, the carbides not only precip-
itate inside but they also precipitate between the bainitic fer-
rite platelets. This is different from the typical morphology
of lower bainite [7,11,19-21], in which the carbides mainly
precipitate within the bainite and frequently precipitates in
just one variant of the orientation relationship forming paral-
lel arrays at about 60 o with the long axis of the bainitic fer-
rite plate, as shown in Fig. 7(b). Bhadeshia [22] found that
holding at temperature after the bainite transformation in Fe-
0.3C-4.08Cr wt.% is completed causes precipitation of car-
bides between the bainitic ferrite platelets due to the diffu-
sional (reconstructive) decomposition of the carbon enriched
austenite.

4. CONCLUSIONS

The carbon content in residual austenite during the trans-
formation to bainite at constant temperature was determined
as a function of time by using the relationship between MS

temperature and carbon content as shown in Eq. 1. 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 the
measured MS temperature represents the minimum carbon
content in the residual austenite. The maximum values of
carbon content obtained in the residual austenite from our
experiments (austempering at 300 and 360 oC) show excel-
lent agreement with the values of carbon content corre-
sponding to TA = T0 calculated from Thermocalc‰. There is
a practical limitation on the MS measurement, since MS tem-
peratures below room temperature (25 oC) cannot currently
be measured with our experimental set up. These experimen-
tal results directly support the model of formation of fully
supersaturated bainitic ferrite with the same composition as
the austenite from which it forms, followed by partitioning
of carbon from ferrite to austenite. The transformation ceases
after the carbon content in the austenite reaches the T0 com-

Fig. 5. Calculated free energy curves for ferrite and austenite (upper
graph) and T0 curve (lower graph) for 2358 at 260 oC.
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position at the austempering temperature. The microstructure
observed is typical lower bainite, the carbide precipitates within
the bainite and precipitates in just one variant of the orienta-
tion relationship and forms parallel arrays at about 60 o with
the long axis of the bainite plate.
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