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Abstract: The aim of this work was to develop a method to evaluate the kinetics of bainite
transformation by theoretical deduction and thermal dilatation curve analysis. A Gleeble-3500
thermomechanical simulator and dilatometer (DIL805A) were employed to study the isothermal
transformation in deformed (360 °C, 600 °C, and 860 °C) and undeformed conditions. The thermal
dilatation information during isothermal transformation was recorded, and the dilatation curves
were well smoothed. By taking a derivative of the dilation curve with respect to the transformation
time, the peak time of transformation rate (PTTR) was obtained, which can serve as the essence of
isothermal transformation time. The relative change of length (AL/L) due to phase transformation
was theoretically deduced, and the effect of temperature was taken into consideration. Combing
experimental data, the volume fraction of bainite in isothermal transformation was calculated. Making
a graph of volume fraction versus PTTR was a good method to evaluate the kinetics of bainitic
transformation clearly and concisely which facilitated optimization of the preparation technique for
low-temperature nanobainitic steel.
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1. Introduction

Dilatometry is a powerful technique to study the phase transformation kinetics of steels [1-8].
Compared with metallographic analysis, dilatometry is real-time, direct, and simple [9]. The lattice
structure of steels is temperature-dependent, and within a considerable temperature range, the volume
of the sample is proportional to the temperature if no phase transformation takes place. However,
when the driving force is large enough, a new phase appears which is accompanied by the changes of
crystal structure and lattice parameters. These changes give rise to volume change in micron scale
which can be monitored by a dilatometer. By observing the point at which the dilatation curve diverges
from the trend caused by temperature, the onset and finish of phase transformation can be determined.

The low-temperature nanobainitic steel developed by Bhadeshia and his co-workers [4,10]
has good mechanical properties [11] which interest many researchers. However, the prolonged
transformation time hinders its application [12]. A great deal of research has been conducted to
understand the effect of ausforming conditions [13-16], chemical compositions [17], and isothermal
temperature [18] on the kinetics and mechanical properties. Obtaining bainitic microstructure is
fundamental, and involves the chance to exhibit a good mechanical performance. Dilatometry is one
of the most useful techniques to study the kinetics of bainitic transformation by analyzing the relative
change of length due to phase transformation [16].
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However, applying conventional methods to determine the onset and finish of phase
transformation may vary from person to person. This make it difficult to compare different processes
of phase transformation. Additionally, it is inappropriate to use relative change directly to study
phase transformation without taking the temperature into consideration. Consequently, in this
study we would develop a method to evaluate the kinetics of bainitic transformation by theoretical
deduction and dilatation curve analysis. It is useful to optimize techniques to shorten nanobainitic
transformation time.

2. Materials and Experimental Procedure

The material used in this study was a low-temperature nanobainitic steel with chemical
composition shown in Table 1. The steel ingot was cast in 50 kg vacuum furnace followed by hot rolling
to a plate with 20 mm thickness. The microstructure of the plate was predominantly high-strength
bainite, of which the tensile strength was about 1840 MPa. We machined samples from the plate and
divided them into two batches.

Table 1. Chemical composition (wt %) of the steel used in this study.

C Si Mn Al P S Mo
04 15 22 0.033 0.008 0.001 0.22

Samples in one batch had dimensions of 4 mm in diameter and 10 mm in length. In order
to control the heating condition, a thermal dilatometer (DIL805A, TA, New Castle, DE, USA) was
employed. The thermal couple was spot-welded at the center of the sample around circumference
surface. Induction heating and N, were employed to heat and cool the samples to the desired
temperature. A thermo-couple feedback system was used to monitor the temperature of samples.
Prior to the test, the chamber was evacuated to a vacuum of approximately 0.05 Pa to minimize surface
oxidation and decarburization. Homogenized austenite was obtained by heating samples to 900 °C
with a heating rate of 10 °C/s and holding for 5 min. At a cooling rate of 30 °C/s, the samples were
cooled to the desired temperature (i.e., 300 °C, 350 °C, 400 °C, 450 °C) and held for 2000 s to 16,200
s to subject to bainitic transformation. After heating treatment, samples were quenched to room
temperature to avoid the interference of bainite transformed during the cooling process. Dilatation
information along the axial direction was recorded by a dilatometer. The experimental procedure is
shown in Figure 1a.
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Figure 1. Schematic illustration of experimental process. (a) Isothermal transformation of undeformed
austenite; (b) Isothermal transformation of deformed austenite.

Samples in the other batch had a deformation zone of 6 mm in diameter and 15 mm in length. In
order to uncover the effect of ausforming on bainite transformation, a Gleeble-3500 thermomechanical
simulator (DSI, New York, NY, USA) was employed. The samples were austenized in the same
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condition as undeformed ones. After cooling to 860 °C, 600 °C, and 360 °C with a cooling rate of 10
°C/s, the samples were compressed to 30% with strain rate of 10 s~!. The samples were then held
at 300 °C, 350 °C, and 400 °C for 1800 s to 5500 s, following a rapid cooling with cooling rate of 30
°C/s. The dilatation information along the radial direction was recorded by using a dilatometer. The
experimental process is shown schematically in Figure 1b.

3. Method

Austenite in steel at elevated temperature will generally undergo a phase transformation when
the temperature decreases. As phase transformation occurs, the crystal structure may change from
face-centered cubic to body-centered cubic, causing a volume change in macroscopic scale. The relative
change in volume and length can be derived from

AV (Lo+ AL — L
Vo o L3
(AL)3 + 3L3AL +3Lo(AL)?
3
Lo )
AL, AL, 3AL
AL

~3—
Lo

where AV and AL are changes of volume and length due to phase transformation, and V) and L are
initial volume and length, respectively. It can be seen from Equation (1) that the relative change of
volume is approximately three times that of length.

When determining the relative change of length (AL/Ly) in austenite decomposition,
we substituted Ly at room temperature for Ly, owing to the fact that the change of length is five
orders of magnitude smaller than initial length. Taking the transformation of gamma phase to alpha
phase as an example, the relative change of length as a function of volume of gamma and alpha can be
expressed as follows:

AL AL AV Vo — V, 1 V.
Tl i e (U 7 @
Y o o o o

where the subscripts y and o denote gamma phase with face-centered cubic structure and alpha phase
with body-centered cubic structure, respectively.
Crystal structure alters, leading to a change in the density of the steel, which can be expressed as

_ Meell _ MeellMFe (3)

Vcell

e

where 1 is the mass of a unit cell, V) is the volume of a unit cell, 1. is the number of iron atoms
contained in a unit cell, mp, is the mass of an iron atom, and 4. is the lattice parameter of the unit cell
with cubic structure. So, the density of alpha and gamma phases can be given as

_ 2mpe

pO( - az (4)
4dm

Py = aFe ®)
ay

where ao, and ay are lattice parameters of alpha and gamma phase, respectively. It should be noted
that Equations (3)—(5) are reliable provided that the effect of carbon and alloy elements on the density
is not taken into consideration. The volume of a unit cell before and after phase transformation as a
function of lattice parameter can be expressed as
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Taking Equation (6) into Equation (2), we get
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According to previous research [19], the lattice parameter of the gamma phase is proportional to
the temperature in the form of

ay = ay[1 + By(T — 300)] 8)

where T is the temperature in kelvin, fy is linear thermal expansion of gamma phase which was taken
2.065 x 107> K~! for austenite in this research, and ay is the lattice parameter of gamma phase at room
temperature which is given as a function of chemical composition [19,20]:

ay = 3.5780 + 0.033Cwt + 0.00095Mnyyt — 0.0002Niyt
+ 0.0006Crw¢t + 0.0056Alyyt + 0.022Nyyt — 0.0004Cowt
+ 0.0015Cuwt + 0.0031Mowt + 0.0051Nbyy + 0.0039Ti ¢
+ 0.0018Vyt + 0.0018W ¢

©)

where the subscript wt denotes the content of alloy elements in weight percent. Similarly, the lattice
parameter of alpha phase can also be written as

a0 = a1+ Bo(T — 300)] (10)

where By, is the linear thermal expansion of alpha phase (1.3864 x 10~> K~! [21] for bainite in this
research), ag is the lattice parameter of alpha phase at room temperature which can be calculated as
a function of chemical composition [22]:

(@iron — 0.279Cat)? (airon + 2.496Cat)
3aizron

— 0.03Si4¢ + 0.06Mn,¢ + 0.07Niyt 4 0.31Mog¢
+ 0.05Crat + 0.096Vat

_ 43
airon

2%, = 2.8664 +

(11)

where aj;oy, is the lattice parameter of pure iron at room temperature (2.8664 A), and the subscript at
denotes atomic fraction.

4. Results and Discussion

4.1. Isothermal Transformation

The volume of steels expands with temperature on the condition that no phase transformation
occurs. The relative change of volume or length is proportional to increasing temperature. This
relationship is caused by the fact that the thermal expansion coefficient of steels can be safely regarded
as a constant within a temperature range of several hundred kelvin. However, when the driving force
is large enough, a new phase occurs with different crystal structure from that of the parent phase.
Consequently, the linear relationship between relative change of volume or length and the increasing
temperature is broken. According to this principle, phase transformation can be detected by observing
the dilatation curve diverging from the trend caused by the temperature.

Figure 2 shows the dilatation curves as a function of holding time in different temperature and
deformation conditions. They are typical isothermal phase transformations which feature “S” shape.
The transformation is often slow in the beginning, and in some cases there is even a considerable
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incubation time. Following a relatively fast stage of transformation, the dilatation curves approach to
a constant, which indicates the end of transformation. Start and end times are important information
used to evaluate phase transformation. A common practice is to set a small amount (5%) and a large
amount (95%) of phase transformation for the threshold of start and end of phase transformation.
However, there are barriers to the implementation. Different researchers may have different criteria for
the start and end of transformation, thus giving quite different numbers. It can be seen from Figure 2
that there is no obvious difference for the start time of phase transformation, except the dilatation
curve in the condition of deforming at 360 °C and holding at 300 °C which increases sharply after the
onset of isothermal treatment. Owing to personal assessment, the time for the end of transformation
in every dilatation curve varies greatly. The difference may exist from several hundreds to several
thousands of seconds, all of which are reasonable.
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Figure 2. Relationship between dilatation (AL/L) and holding time in different isothermal conditions

of (a) undeformed and (b) deformed at different temperature. The number on the left and right side of
the symbol “/” denotes the deformation and isothermal temperature respectively.

We took a derivative of the dilatation curve with respect to holding time in Figure 2, revealing the
information of transformation rate. Figure 3 shows the transformation rate as a function of holding
time in the condition of (a) undeformed and (b) deformed samples at different temperature followed
by isothermal transformation. It was easy to obtain the peak time of transformation rate (PTTR)
on all transformation rate curves. In undeformed condition, the PTTR increased with decreasing
holding temperature (Figure 3a). This relationship was also applied to the cases where samples
were subjected to the deformation at 860 °C followed by isothermal transformation at 300400 °C.
When isothermal transformation temperature was kept constant at 300 °C, the PTTR decreased with
increasing deformation temperature.

The PTTR is capable of representing the concentrated information of time for isothermal phase
transformation. In an isothermal transformation, the onset time of transformation involves the
incubation period and nucleation stage. A short transformation onset time does not definitely result
in a short time of transformation termination. Compared with Figure 2, we can differentiate one
transformation from others in Figure 3 with ease. The transformation rate increases with holding time
after the onset of transformation, and goes up to a peak followed by a decline. The critical point at
which the trend of transformation rate varies is PTTR. It decreases and approaches zero, provided that
the time lasted infinitely long. When transformation is approaching completion, a small amount of
new phase occurs at the expense of more holding time. In the “long tail” part, the amount of phase
transformation is usually negligible and can be disregarded. It is not wise to try to achieve exactly 100
% transformation at the cost of a too-long holding time. The mechanical properties of steels depend on
the major type of microstructures. Most of the new phase can be obtained within two times of PTTR.
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Therefore, from a practical view, we can safely say that a transformation with smaller value of PTTR
reacts faster than that with larger value of PTTR, and PTTR is sufficient to describe the isothermal
transformation time as a whole.
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Figure 3. Transformation rate as a function of holding time in the condition of (a) undeformed and
(b) deformed at different temperature followed by isothermal transformation.

4.2. Volume Fraction of Phase Transformation

A too-long transformation time will hinder the application of the steel. Whereas a desired
amount of phase—bainite with plates of nanoscale, for example—matters the performance of the
steel. Figure 4 shows the dilatation curves of bainitic steel as a function of isothermal temperature.
The maximum value of relative change of length AL/ L at a specific temperature reflects the amount
of phase transformation to some extent. The relative change of length decreases with temperature
after isothermal transformation, and is proportional to the temperature if no further transformation
occurs. As against, if this linear relationship is broken, it indicates that further phase transformation is
taking place. In the case of “-/450 °C” (holding at 450 °C without deformation), a small value of AL/L
indicated a small amount of bainitic phase presented. The residual austenite remained untransformed
after the cessation of the bainite reaction and kept stable until the temperature was as low as 240 °C
when martensite appeared. The dilatation curve rose greatly below 240 °C, which implied that a
considerable amount of austenite had transformed into martensite rather than bainite. However, it is
inappropriate to compare the volume fraction of aimed phase by measuring the relative change AL/L
directly in different isothermal temperature.

0.010 4 ——-/300°C
. —o—-/350°C
5 0.008 -/400°C
E —— -/450°C
= 0.006 —e— 360/300°C
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o N

0.000 |
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Figure 4. Dilatation AL/ L at specific isothermal temperature and in subsequent cooling process.
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According to theoretical deduction, the relative change of length (AL/L) of complete
transformation from gamma to alpha phase is affected by the temperature. Figure 5 gives a comparison
of AL/L as a function of the temperature among pure iron, low carbon steel, and low-temperature
nanobainitic steel which transform from gamma phases into alpha phases completely. The relative
change of length (AL/L) in complete transformation is proportional to the temperature in the range of
room temperature to 700 °C, and it decreases with increasing temperature. Low-carbon steel (0.4C-Fe)
exhibits a larger value of AL/L in complete transformation. By contrast, compared with low-carbon
steel, low-temperature bainitic steel containing alloy elements Mn, Si, and Mo showed smaller value of
AL/L—even lower than that of pure iron. Consequently, the effect of temperature should be taken into
consideration when we compare the amount of transformation in different isothermal temperatures by
measuring the value of relative change of length AL/L.

0.010
—=— pure iron
—o—0.4C-Fe
0.4C-2.2Mn-1.5Si-0.22Mo-Fe

0.009

0.008

0.007

0.006 -

Dilatation AL/L (um/um)

0.005

0.004 T T T T T T T T
0 100 200 300 400 500 600 700 800

Temperature (°C)

Figure 5. Relative change of length in two steels and pure iron as a function of temperature by
theoretical calculation in complete transformation from face-centered cubic to body-centered cubic
crystal structure.

According to Equation (7), AL/ L is dependent on the lattice parameters of parent phase gamma
and formed phase alpha. The lattice parameters are found proportional to the temperature in the form
of Equations (8) and (10). That the linear relationship can safely be maintained within a temperature
range of several hundred kelvin attributed to the assumption that the thermal expansion coefficient
B are regarded as constant, although according to recent study, § of iron alloys may obey nonlinear
equations [23] in the temperature range 100-1600 K. The classical method to develop lattice parameters
as a function of temperature was on the basis of lattice parameter at specific temperature (e.g., room
temperature). A great deal of research has been conducted to develop a model of lattice parameters
by regression of chemical composition of alloy elements with the help of XRD (X-ray diffraction) [21].
There are other forms of lattice parameter equations except Equations (9) and (11) [1,5,24]:

ay = (3.6306 + 0.78Cat) (1 + (24.9 — 50C4¢) x 107°(T — 1000)) (12)

o = 2.8863 [1+17.5 x 10~°(T — 800)] (13)

where Cj; is the carbon content within the range 0.0005 to 0.0365 in atomic fraction, and the applicable
temperature is 1000 K < T < 1250 K and 800 K < T < 1200 K for gamma and alpha phase, respectively.
The calculated result was found unreasonable if we used Equations (12) and (13) arbitrarily. Equations
for lattice parameters may have their own applicable conditions. More research should be conducted
in order to develop versatile lattice parameter models which can account for steels with complex
composition and wide range of temperature. According to previous research, lattice parameters were
found to be composition-dependent. Carbon in steels is small enough to fit at interstitial sites between
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solvent iron atoms. As against, substitutional atoms are usually large enough that they can replace
iron atoms in their lattice positions. These solid dissolved atoms may cause the bonds of the solvent
atoms to compress or stretch, and consequently give rise to lattice distortion [21]. Carbon serves the
main contribution to the change of lattice parameters in steels, shown in Figure 6. The effects of alloy
elements in gamma and alpha phase on the lattice change are different, giving the results of Figure 5.
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Figure 6. Lattice parameters of gamma and alpha phase as a function of temperature in pure iron,
C-Mn, and bainitic steels.

The relative change of length AL/L decrease with temperature is attributed to the discrepancy
between the lattice parameters of alpha and gamma phase Equation (7). According to Equations (9)
and (11), ay is larger than aj. Further, the thermal expansion coefficient By is larger than By as
well. As a consequence, the difference between ay and a4 increases with temperature, as shown in
Figure 7. According to Equation (6), the value of Vy/Vy, increases with temperature, approaching 1 by
extrapolation, indicating that the volume change before and after transformation diminishes.
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Figure 7. Ratio of volume and lattice parameter in gamma and alpha phase as a function of temperature.

The volume fraction of transformation in different isothermal temperatures can be obtained, given
that the relative change of length in real time can be measured by using a dilatometer; the relative
change of length in complete transformation can be deduced by theoretical deduction. Figure 8
gives the volume fraction of bainite transformed from austenite in different isothermal temperature
and deformation conditions. In undeformed condition, the volume fraction of bainite decreased
with increasing temperature from 78% at 300 °C to 15% at 450 °C. However, this decreasing trend
did not maintain when the samples were deformed at 860 °C, which had a peak value of 73% at
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350 °C. When temperature was kept isothermal at 300 °C, the volume fraction decreased with
deformation temperature.

100
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©
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Figure 8. Volume fraction of transformed bainite as a function of isothermal temperature in different
deformation conditions.

The types of phase transformation can be speculated by relating temperature in which the
isothermal transformation occurs. As for low-temperature nanobainitic steel, a high level of silicon
content compresses the formation of cementite. So, the transformation taken place within 200
°C above the martensite start temperature can be deduced as bainitic phase transformation. The
bainite transformation at higher isothermal temperature (450 °C) may involve carbon diffusion. The
carbon-enriched residual austenite with decreased driving force made the bainite transformation
cease quickly.

Figure 9 shows some representative microstructures of nanobainitic steel subjected to different
treatments. The microstructures are predominantly bainite and martensite. From Figure 9a-d,
the content of bainite increases gradually. It can be seen that there is only a small amount of bainite
surrounded by the martensite matrix in Figure 9a, whereas the microstructure in Figure 9d is almost
completely occupied by bainite—no obvious martensite can be found. These are consistent with the
results predicted by the proposed model in Figure 8. It is difficult to obtain the volume fraction of
bainite quantitatively in micrograph, as the shape of bainite is usually irregular and dispersed in
martensite matrix. Dilatation curve analysis exhibits its advantage to provide an alternative method to
solve this problem.

On the basis of the method developed in this study, the volume fraction of bainite in the condition
that was deformed at 360 °C and isothermally transformed at 300 °C was up to 100%, which meant
that the transformation was completed. However, the dilatation curve in Figure 4 does not decrease
with temperature. In other words, more phase transformed in the cooling process below 300 °C. The
calculated value was overestimated. This discrepancy may attribute to the models” limitation and
instrumental error. Deformation of steels involves the introduction of crystal defects. These defects can
also cause crystal distortion like alloy elements. However, the present equations of lattice parameters
may fail to perfectly account for the cases of steels with enriched defects. On the other hand, stress in
compression test of low-temperature was so high that the deformation became nonuniform. Barreling
and off-axis deformation happened, causing inaccurate dilation data recording. Additionally, the
existence of residual stress may cause phase transformation in the preferred orientation [25]. The
discrepancy arose when the relative change of length was used to calculate the volume fraction [26].
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Figure 9. SEM micrographs of nanobainitic steel subjected to the treatments of (a) -/450, holding at 450
°C without deformation; (b) -/400, holding at 400 °C without deformation; (c) 860/350, deformed at
860 °C and followed by isothermal holding at 350 °C; (d) 360/300, deformed at 360 °C and followed
by isothermal holding at 300 °C.

4.3. Evaluation of Bainitic Transformation

Combining the volume fraction of transformed bainite in different conditions and the
corresponding PTTR gave Figure 10. We divided the diagram into three regions. Points in the
aimed region had a small value of PTTR and a large (over 90%) volume fraction of aimed phase
(bainite in this study). Points in the potential region corresponded to samples which had some amount
(more than 30%) volume fraction of bainite, and not too great a PTTR value. It is possible to move
these points into the aimed region by optimizing chemical composition, deformation, and isothermal
conditions. However, if the points had a prolonged value of PTTR and a small volume fraction of
aimed phase, the corresponding process should be disregarded.
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Figure 10. Volume fraction of transformed bainite versus PTTR (peak time of transformation rate).

The PTTR is a concise and effective parameter which can account for the information of
transformation time. In the conventional method, transformation start and finish times may vary
from person to person, which hinders the comparison of different techniques. The dilatation data
obtained from dilatometer was scattered, and the noise would be introduced. If we directly take a
derivative of the dilation curve with respect to the time, no meaningful information can be obtained,
as the tendency of the curve is concealed by the local irregular data. So, curves smoothing is essential
and is a prerequisite for the sequential work [27]. Low-temperature nanobainitic steel has good
mechanical properties. A great deal of research has been conducted to try to decrease the bainitic
transformation time, as the prolonged transformation time is an application barrier. By making a
volume fraction versus PTTR graph, we could evaluate the bainite transformation clearly and concisely,
which facilitates comparison of the preparation techniques.

5. Conclusions

The isothermal transformation of a low-temperature nanobainitic steel in deformed and
undeformed conditions was studied by using a Gleeble-3500 thermomechanical simulator and a
dilatometer (DIL805A). Combing theoretical deduction and dilatation curve analysis, the kinetics of
bainitic transformation was evaluated. The following conclusions can be drawn:

e The relative change due to phase transformation is temperature-dependent and can be
calculated theoretically.

o  The peak time of transformation rate (PTTR) which was obtained by taking a derivative of the
dilatation curve with respect to time can serve as a clear and effective parameter that accounts for
the information of transformation time.

e By making a volume fraction versus PTTR graph, the bainite transformation was evaluated clearly
and concisely, and can be used to optimize preparation techniques.
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