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Abstract: Bainite transformation is a kinetic process that involves complex solid diffusion and phase
structure evolution. This research systematically studies the bainite transformation of austempered
4140 steel in a wide range of isothermal temperatures, in which four bainite phases structures were
generated: upper bainite; mixed upper bainite and lower bainite; lower bainite and mixed lower
bainite and martensite. The kinetics of bainite transformation has been described with a linear trend
using an Avrami n-value. It was found that the bainitic ferrite sheaves grow with widthwise preference.
The sheaves are stable when half-grown and are variable in length, due to austenite size limit or
soft/hard impingement, or autocatalytic nucleation, or these conditions combined. The full-grown
upper/lower bainite sheaves were found to be 1.9 µm/1.2 µm in width under the conditions of this
study. Each individual bainite sheave is lath-like instead of wedge-like. The upper bainite sheaves
mostly appear as broad-short-coarse lath, while the lower bainite sheaves appear as narrow-long-fine
lath. The overall bainite transformation activation energy ranges from 50–167 kJ/mol.
Keywords: upper/lower bainite; lower bainite and martensite mixture; kinetics; morphology; bainite
sheaves; activation energy

1. Introduction
Usually, in certain temperature ranges, isothermal heat-treated steels contain bainite [1,2]. Bainite
is not like martensite, which is very hard and strong, nor like normal pearlite. Rather, the bainite
microstructures have mechanical properties between the two. Bainite is called the “between structure
phase” in German and was described by Dr. Bain as “acicular dark etching aggregate” that can be seen
under a light optical microscope (LM) after polishing and etching [2].
Bainite is transformed from austenite through a heat-treating process. By heating steels or cast
irons above their eutectoid reaction temperature, austenite can be obtained through the austenitizing
process. When austenite cools down to a temperature below the eutectoid point, and then is held at a
temperature below the pearlite transformation point, usually between 600 ◦ C and 200 ◦ C, austenite
will start to decompose into bainite.
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The mechanism of austenite to bainite transformation has been described by three theories:
displacive theory, reconstructive or diffusional theory [3,4], and a combination of the theories [5].
The bainite transformation volume fraction increases with isothermal holding time. This is the kinetic
aspect of the microstructure phase changes. Numerous efforts have been carried out to establish
kinetic models that will agree with actual experimental data, but so far, there is not one model that all
researchers accept and apply. However, the Johnson-Mehl-Kolmogorov-Avrami equation (JMKA) [6]
is still popular 70 years after it was first reported. This kinetics model, or variations of this model,
is the most commonly used model for transformation kinetics calculations.
The bainite transformation mechanisms, nucleation, and growth kinetics are often linked to
the Gibbs free energy concept [3], which describes the thermodynamics of the bainite reaction.
The thermodynamically induced physical-chemical driving force behind the reaction is expressed well
by the Arrhenius equation [7], which can be applied to evaluate the phase transformation, and to
assess newly proposed kinetic models. The Arrhenius equation also has been applied for more than
70 years since it was published. It remains popular and important in phase transformation evaluations.
4140 steel is widely used in industry for structures, tooling, and some key automotive components.
This research addresses the kinetics, morphology, and activation energy characterization of austempered
4140 steel. The knowledge acquired in this work can help develop improved mechanical properties in
terms of strength, ductility, hardness and toughness due to the microstructures achieved.
2. Background
Bainite transformation is a first order thermodynamic reaction, so the parent and product phase
can coexist. The general term bainite does not refer to a single phase; rather bainite is an aggregate of
phases [8] or a phase matrix. This phase matrix consists predominantly of bainitic ferrite with some
carbides or cementite, or retained austenite or pre-existing martensite.
2.1. Bainite Morphology
Bainitic ferrite platelets are lath like or lenticular plate like structures. With increasing carbon
content, bainite morphology changes from lath-like to plate-like [9,10]. It is believed that the bainitic
ferrite platelets grow to a limited size, which is usually smaller than the austenite grain size. Further
bainite transformation occurs by the formation of new parallel platelets in clusters known as sheaves [11].
The sheaves are sometimes in the form of a wedge shaped plate on a macroscopic scale [12].
Takahashi and Bhadeshia addressed the two classic morphologies for bainitic classification: upper
bainite and lower bainite. In upper bainite, the bainitic ferrite plates are free of carbide precipitation,
the carbides are trapped between the subunits of ferrite plates. In lower bainite, the bainitic ferrite
contains a fine dispersion of plate like carbides [1,13,14]. In any case, the mixture of ferrite laths with
retained austenite without carbides is regarded as a special type of carbide free bainite [15,16].
A typical bainitic ferrite plate has a slender elliptical shape with length of about 10 µm and width
about 0.2 µm. The typical length to width or thickness ratio of a bainite plate is 50:1 according to
Bhadeshia’s work [1]. This is consistent with the observation of bainitic steel, in which the formation
of bainite causes a deformation in the bainitic ferrite plate with a shear component of about 0.26 and a
dilatational strain normal to the plate of about 0.03. This strain condition is the so-called invariant
plane strain (IPS), which is the key feature of the displacive bainite transformation theory.
Studies on bainite generated around or below Ms (martensite start temperature), through an
austempering process show that a bainite and martensite phase mixture will be generated. In this
bainite-martensite mixture structure, the lower bainite is present in not only acicular units but also in
irregularly shaped laths. Chakraborty revealed that spear-like bainitic sheaves and narrow needle- like
martensite plates, both dark etching, are uniformly distributed in the microstructure along with light
etching retained austenite [17].
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2.2. Bainite Transformation Kinetics
Bainite transformation kinetics usually involves bainitic ferrite nucleation and growth. There are
many ways that ferrite plates can nucleate because there are many factors that affect the ferrite
plate growth. The JMAK (also called Avrami) equation has been the most enduring, popular,
and comprehensive kinetics model that can accurately characterize the bainite reaction. In this equation,
an overall rate of reaction K is used to describe the nucleation and crystal growth processes [18],
benefited from diffusion controlled growth theory [19].
Bhadeshia states that the Avrami equation can be used to “characterize the reaction as the function
of time” [1]. The parameter ‘n’ in the Avrami equation can be related to the shape of the bainitic
ferrite phase and can only be greater than zero. Below are the n values or value ranges calculated and
summarized according to various experiments conducted by many researchers.
n = 1, rod-like shape [20];
n < 2, nucleation controlled (e.g., n = 1.7) [20];
n = 2, disk-like shape, linear growth [21];
n = 1–2.3, interface controlled [22];
n = 3.5, parabolic cylinder shape at constant rate [23];
n = 4, with constant nucleation rate, equates to tri-dimensional linear growth [21].
Many researchers tried to improve the Avrami equation by modifying its parameters for
homogeneous or heterogeneous reactions [24]. Bhadeshia tried using an improved Avrami equation,
which is consistent with the displacive mechanism of bainite transformation to calculate “overall
transformation kinetics” with promising results and believed that it might be useful in the quantitative
description of known experimental data [24,25].
In the 1990s, many researchers tried to develop transformation kinetics for the specific aspects
of bainite transformation using the Avrami equation. Takahashi and Bhadeshia used this equation
to study the kinetics of cementite in the transition from upper bainite to lower bainite. Rees and
Bhadeshia also developed a bainite transformation kinetics model considering the effects of alloy
chemistry and temperatures [26]. They also improved the model to account for the effect of trapping of
carbon atoms in films of retained austenite that accelerates the bainite transformation.
In the 2000s, many researchers worked on physical-based detailed overall bainite transformation
mechanisms to improve the kinetics models. Nucleation and growth equations were included in the
JMKA/Avrami equation to provide better agreement with experimental data. Furthermore, cooling
history, stress state, dislocation density, and austenite grain size were all considered in Zarudi and
Zhang’s kinetics model [27]. Liu and Di developed a method to add an autocatalysis factor into the
JMKA/Avrami to cover the nucleation on the austenite grain boundary to better reveal the bainite
transformation kinetics [28]. In recent research, sophisticated nanometer level measuring methods
and equipment such as in-situ neutron diffraction and atom probe tomography (APT) were used to
provide very precise data for fitting into the JMKA for kinetics characterization.
2.3. Chemical Composition Effect on Kinetics
The chemical composition of a steel affects the bainite transformation kinetics. For example,
silicon in alloyed steel suppresses the formation of cementite in bainite and favors the formation of
long and thin bainitic ferrite plates [29]. Table 1 is a summary of chemical element’s effects on bainite
transformation kinetics.
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Table 1. Effects of alloying elements on bainite transformation kinetics.
Elements

Effects on Bs

Kinetics Function

C (Carbon)

As C content increases, Bs will
decrease. When C content is high
enough, Bs will not be affected.

Low Carbon, C diffusion easy, will generate carbide
free bainite. High carbon content will decelerate
transformation; Critical carbon content will
determine when bainite transformation stops [30].

B (Boron)

Lower Bs

Suppresses Transformation [31].

Cr (Chromium)

Lower Bs

Hinders transformation, decreases driving force and
the rate as content increases [32,33].

Mo (Molybdenum)

Lower Bs

Retards/stabilities rate [33].

Mn (Manganese)

Lower Bs

Lowers rate, may result in incomplete bainite
reaction phenomenon [34,35].

Co (Cobalt)

-

Accelerates the transformation [29] at low
temperature [34].

Al (Aluminum)

-

Accelerates the transformation due to its influence at
low temperature [32].

Si (Silicon)

-

Suppresses the formation of cementite, may result in
incomplete bainite reaction [34].

Ni (Nickel)

Lower Bs

Delays bainite reaction [33].

Cu (Copper)

-

Copper precipitation with displacive mechanism in
bainite reaction.

N (Nitrogen)

-

Enrichment in nitrogen tends to slow down bainite
transformation [35].

2.4. Bainite Transformation Activation Energy
A thermodynamic driving force is needed for the bainite reaction. The bainite activation energy
required is directly proportional to the driving force. Bainite transformation kinetics will encompass all
aspects of the of the bainite reaction; including the start of the reaction (which requires the activation
energy in terms of Gibbs free energy), bainite sheave growth, hard or soft impingements, and the
ending of the reaction. The Arrhenius equation [7] has been widely used for determining the rate
of chemical reactions for the calculation of activation energy. Arrhenius argued that at an absolute
temperature T, the fraction of molecules that have a kinetic energy greater than activation energy Q
could be calculated from statistical mechanics. Since the equation was published, it has been utilized
in many kinetic theories.
Activation energy calculations are often used to help describe the bainite transformation kinetic
characteristics [36–38] since overall activation energy is needed for the full bainite transformation
processes. The activation energy predicted by the Arrhenius equation can be the energy at any
percentage of the reaction. Below 20% reaction, it is believed the activation energy calculated is for
single-phase microstructure; beyond 20% it would be the energy for mixed microstructure. Usually the
50% reaction point activation energy calculated can be representative of the overall activation energy
required for that reaction [38,39]. This overall activation energy includes the energy needed for bainitic
ferrite grain boundary nucleation and autocatalytic nucleation, subsequent carbon partitioning and
dislocation effects, and bainitic ferrite plate growth until impingement occurs at the austenite grain
boundary. However, the equation does not have enough parameters to link all the aspects together [37].
2.5. Literature Review Summary
The bainite transformation is very complicated and involves all of the following aspects:
•
•
•

Nucleation and nucleation rate of bainitic ferrite plates;
Nucleation sites, at austenite/martensite grain boundaries or at ferrite plate sub units;
Nucleation sites, at the bainite/austenite interface/internal defect or dislocation;
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Nucleation surface availability;
Austenite grain size and lattice parameters;
Austenite strain/ausforming condition [40,41];
Austenite stored energy, flow stress and transformation plasticity [42];
Austenite film entrapment;
Dislocation density in austenite [40];
Chemical free energy exchange in austenite/bainite ferrite plate [40];
Isothermal temperatures;
Chemical/alloying elements, chemical compositions;
Carbon content, average or local conditions;
Carbon diffusion or redistribution rate in bainitic ferrite plate;
Carbon diffusion or redistribution rate in parent austenite;
Bainite and austenite boundary local conditions;
Chemical segregation in austenite [35];
Bainitic ferrite plates growth rate;
Cementite/carbide precipitation conditions;
Pre-existing martensite;
Soft and hard impingement in the austenite;
Incomplete bainite reaction phenomenon [43].

Numerous kinetics models have been developed to describe or address the bainite nucleation and
growth or many of the aspects listed above, but so far there is not a single model that can be applied in
a universal situation except for the JMKA equation. This equation does not specifically account for
nucleation rate of growth acceleration nor aspects listed above, but it is the one which expresses the
overall kinetics most successfully. In the present research, the specific kinetics behavior of austempered
4140 steel was is characterized with the JMKA equation.
3. Experimental Design and Procedures
The 4140 steel with chemical composition shown in Table 2 has as received a hardness of 26 HRC
with the original microstructure of proeutectoid phases embedded in a pearlite matrix.
Table 2. 4140 steel chemical composition.
Element

Cr

Mn

C

Si

Mo

S

P

Fe

wt (%)

0.80–1.10

0.75–1.0

0.38–0.43

0.15–0.30

0.15–0.25

0.040

0.035

Balance

Heat treating was conducted according to Figure 1. All specimen were cut from stock into quarter
disks with a diameter of 3 cm and a thickness of 1 cm. Seven isothermal temperatures were applied
and four bainite phase matrices were generated. For each isothermal temperature, nine isothermal
holding times were used.
The specimens, after austenitizing in a salt bath furnace, were dropped into an isothermal
holding furnace within 1 s. They were then held at a constant temperature for 10, 30, 60, 90, 120,
180, 300, and 600 s respectively. Once the isothermal holding time was complete, the specimens were
immediately dipped into water at room temperature to stop the bainite transformation so the exact
amount of bainite transformed could be determined through hardness measurement via kinetics
calculation. Four isothermal temperatures were selected above 343 ◦ C, one of which is around 371 ◦ C.
Around this temperature, the transition between upper and lower bainite would occur. The other
three of the seven temperatures were selected around and below Ms (which could generate lower
bainite and martensite mixed microstructure) so the kinetics of each phase matrix could be studied.

Table 2. 4140 steel chemical composition.

Element
wt (%)

Cr
0.80–1.10

Mn
0.75–1.0

C
0.38–0.43

Si
0.15–0.30

Mo
0.15–0.25

S
0.040

P
0.035

Fe
Balance
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Heat treating was conducted according to Figure 1. All specimen were cut from stock into
quarter disks with a diameter of 3 cm and a thickness of 1 cm. Seven isothermal temperatures were
All
samples
for HRC
hardness,
polished
etched
with 2%
nital. Images
of
applied
andwere
four measured
bainite phase
matrices
were and
generated.
Forand
each
isothermal
temperature,
nine
microstructures
were
taken
using
a
light
optical
microscope
(LM)
at
500×
magnification.
isothermal holding times were used.

Figure 1.
1. 4140 steel and austempering heat treatment schedules.
schedules.
Figure

4. Results
and Analysis
The specimens,
after austenitizing in a salt bath furnace, were dropped into an isothermal
holding
1 s. They
were then held
a constant
temperature
forbainite
10, 30, transformation
60, 90, 120, 180,
Thefurnace
results within
of hardness
measurement
are at
shown
in Table
3. As the
300,
and
600
s
respectively.
Once
the
isothermal
holding
time
was
complete,
the
specimens
were
proceeded, the hardness of the samples decreased. These values correlate to the fraction of bainite
immediately dipped
into
water at measured
room temperature
to stop
theto
bainite
transformation
exact
transformation,
as the
hardness
is directly
related
the volume
fractionso
ofthe
bainitic
amount of bainite
transformed
be determined
through
hardness
measurement via kinetics
microstructure
transformed.
The could
data was
used to perform
kinetics
calculations.
Table 3. 4140 steel hardness HRC achieved with measured and estimated bainite transformation start
and finish time.
T (◦ C)/t(s)

*

10

30

60

90

120

180

220 *

300

600

454
427
399
371
343
316
288

59.8@3s
60.1@4s
60.3@5s
60.4@6s
60.5@6s
60.6@8s
-

57.3
58.0
59.2
59.9
60.2
60.5
60.7 *

49.2
52.7
55.2
57.3
58.1
59.4
-

35.5
39.4
42.5
47.8
52.4
55.0
57.2

35.5
39.4
42.5
47.8
52.4
55.0
57.2

33.8
36.0
38.9
43.7
48.7
51.7
54.6

32.2
33.4
35.7
38.8
42.8
45.6
49.9

34.8
36.2
41.9
-

30.8
32.9 **
34.6
35.9
41.8
45.0 **
49.2

30.3 **
32.3
33.8
35.1
41.3
44.6
48.9 **

*: Estimated start/finish time; **: Measured start/finish time.

4.1. Kinetics Calculation Based on Hardness Measurements
Sample hardness is a function of bainite transformation, since it is determined by the bainitic
microstructures achieved during the isothermal process. By determining the change in hardness as the
bainite volume fraction varies along the isothermal holding time, the bainite transformation rate can
be calculated.
Using Equation (1) and the hardness data in Table 3 the bainite volume fraction x(t) can be
calculated:
x(t) = (H(0) − H(t))/(H(0) − H(f ))
(1)
x(t): Bainite volume fraction at time t;
H(0): Initial hardness achieved of an isothermal experiment;
H(f ): Final hardness achieved of an isothermal experiment;
H(t): Hardness at bainite reaction time t.
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decreases to 288 °C, the overall thermodynamic driving force for bainite transformation becomes
weaker and the transformation slows down.

Figure
2. Transformationkinetics
kineticscurves
curves of
454
°C◦to
°C. ◦ C.
Figure
2. Transformation
of 4140
4140steel
steelfrom
from
454
C 371
to 371

At an isothermal temperature of 343 ◦ C, which is also close to Ms, mixed upper and lower bainite
start to transform together. The transformation seems accelerated, possibly because lower bainite can
nucleate on the upper bainite boundaries. At 371 ◦ C, lower bainite dominates the transformation and
the curve is almost linear. Figure 3 indicates that the bainite transformation progresses as isothermal
holding time increases (in the commonly defined lower bainite transformation temperature region).
This region includes the bainite transformed below Ms, the martensite start temperature. These curves
present very different patterns compared to the ones on Figure 2. The transformation of bainite has an
acceleration at 316 ◦ C due to prior existing martensite. As the isothermal temperature decreases to
288 ◦ C, the overall thermodynamic driving force for bainite transformation becomes weaker and the
2. Transformation kinetics curves of 4140 steel from 454 °C to 371 °C.
transformation slowsFigure
down.
Figure 3. 4140 steel transformation kinetics curves of 4140 steel from 343 °C to 288 °C.

The Avrami type equation links the volume fraction X(t) and the bainite transformation reaction
rate K together with n, which is the Avrami time exponent.
X(t) = 1 − exp (−Ktn)

(2)

By applying a logarithm operation, this becomes a linear equation between log(−ln(1 − X)) and
log(t).
log(−ln (1 − X)) = n × log(t) + log(K)

(3)

The n and log(K) can be calculated using linear regression; results are shown in Table 4. n ranges
between 1 and 2.3, which indicates that all bainite reactions in the range of 288 °C to 454 °C were
austenite
and
bainite
interface
controlled kinetics
[13],
andcurves
n hasofa 4140
linear
relationship
with
isothermal
Figure
3.
4140
steel
transformation
4140
steel
from343
343
C 288
to the
288
Figure
3. 4140
steel
transformation
kineticscurves
steel
from
°C◦to
°C. ◦ C.
temperature T.
The Avrami
equation
links
fraction
X(t) and
transformation
reaction
The Avrami
typetype
equation
links
thethe
volume
fraction
X(t)
andthe
thebainite
bainite
transformation
reaction
nvolume
= 4.3294
− 0.0071T
(4)
K together
n, which
is the
Avrami
timeexponent.
exponent.
rate Krate
together
withwith
n, which
is the
Avrami
time
X(t) = 1 − exp (−Ktn)

X(t) = 1 − exp (−Ktn )

(2)

(2)

By applying a logarithm operation, this becomes a linear equation between log(−ln(1 − X)) and
log(t).
By applying a logarithm operation, this becomes a linear equation between log(−ln(1 − X))
log(−ln (1 − X)) = n × log(t) + log(K)
(3)
and log(t).

log(−ln (1using
− X))linear
=n×
log(t) + log(K)
The n and log(K) can be calculated
regression;
results are shown in Table 4. n ranges (3)
between 1 and 2.3, which indicates that all bainite reactions in the range of 288 °C to 454 °C were
austenite and bainite interface controlled [13], and n has a linear relationship with the isothermal
temperature T.
n = 4.3294 − 0.0071T

(4)
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The n and log(K) can be calculated using linear regression; results are shown in Table 4. n ranges
between 1 and 2.3, which indicates that all bainite reactions in the range of 288 ◦ C to 454 ◦ C were
austenite and bainite interface controlled [13], and n has a linear relationship with the isothermal
temperature T.
n = 4.3294 − 0.0071T
Metals 2020, 10, 236
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Table
4. Summary
K of
bainite transformation
transformation Avrami
Avrami constants.
constants.
Table 4.
Summary of
of n
n and
and K
of 4140
4140 steel
steel bainite

Isothermal
Temperature
(°C) n
Isothermal
Temperature
(◦ C)
454
427
399
371
343
316
288

454
427
399
371
343
316
288

n
1.0655
1.0655
1.3339
1.3339
1.5687
1.5687
1.7370
1.7370
1.8018
1.8018
2.2056
2.2056
2.2357
2.2357

log(K)
−1.9654
−1.9654
−2.4428
−2.4428
−2.9536
−2.9536
−3.4599
−3.4599
−3.6445
−3.6445
−4.5056
−4.5056
−4.8802
−4.8802
log(K)

KK
0.01082929
0.01082929
0.003607447
0.003607447
0.001112756
0.001112756
0.000346817
0.000346817
0.000226725
0.000226725
3.12176 × 10−5−5
3.12176 × 10 −5
1.31765 × 10
1.31765 × 10−5

R 2 R2
0.9706
0.9706
0.99890.9989
0.99330.9933
0.98040.9804
0.97250.9725
0.9826
0.9826
0.9649
0.9649

4.2. 4140 Bainitic Microstructures and Morphology
4.2. 4140 Bainitic Microstructures and Morphology
Between isothermal temperatures of 454 ◦ C and 399 ◦ C, typical upper bainite is transformed.
Between isothermal temperatures of 454 °C and 399 °C, typical upper bainite is transformed.
Figure 4a,c show the early stage of the upper bainite transformation, when bainitic ferrite plates have
Figure 4a,c show the early stage of the upper bainite transformation, when bainitic ferrite plates have
formed. Figure 4a shows the typical needle like acicular bainite sheaves that are formed after 10 seconds
formed. Figure 4a shows the typical needle like acicular bainite sheaves that are formed after 10
held at an isothermal temperature of 427 ◦ C. The bainite half-grown sheaves grew quickly, and the
seconds held at an isothermal temperature of 427 °C. The bainite half-grown sheaves grew quickly,
broad, relatively short full-grown sheaves filled the entire observed section. At 427 ◦ C, after isothermal
and the broad, relatively short full-grown sheaves filled the entire observed section. At 427 °C, after
holding for 30 s, many typical lath-like upper bainitic ferrite plates formed as shown in Figure 4c.
isothermal holding for 30 s, many typical lath-like upper bainitic ferrite plates formed as shown in
Measured with a LM at 500×, the needle-like upper bainite sheaves show an average width of 0.63 µm
Figure 4c. Measured with a LM at 500×, the needle-like upper bainite sheaves show an average width
at 10 s and 1.92 µm at 30 s, and the length of the lathes varies.
of 0.63 μm at 10 s and 1.92 μm at 30 s, and the length of the lathes varies.

50μm
(a) 4140 steel 427 °C 10 s 500×

50μm
(c) 4140 steel 427 °C 30 s 500×

Figure 4.
4. 4140
4140 steel
steel upper
upper bainite
bainite microstructure
microstructure and
and sheave
Figure
sheave length
length measurements
measurements during
during growth.
growth.

Figure 4b,d show the length distribution of the bainite sheaves. When comparing the two sheave
length distributions, it can be seen that the upper bainite sheave length increased from 5.12 μm to 6.4
μm in 20 s. Considering the measurement error, such as low resolution and noise of the image, the
difference can be considered negligible. The bainite sheave width increased by a factor of 3 on average,
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Figure 4b,d show the length distribution of the bainite sheaves. When comparing the two sheave
length distributions, it can be seen that the upper bainite sheave length increased from 5.12 µm to
6.4 µm in 20 s. Considering the measurement error, such as low resolution and noise of the image,
the difference can be considered negligible. The bainite sheave width increased by a factor of 3 on
Metals 2020, 10, 236
9 of 16
average, from 0.64 µm to 1.92 µm. This indicates that the sheaves grow preferably in width and are
almost stable in length, possibly due to soft impingement in the parent austenite. The upper bainite
carbide precipitates between the bainitic ferrite plates are both very coarse as shown in the photo.
and the carbide precipitates between the bainitic ferrite plates are both very coarse as shown in the
The coarse carbides contribute to the width increase of the upper bainite sheaves.
photo. The coarse carbides contribute to the width increase of the upper bainite sheaves.
Figure 5a,b show the microstructure of the upper bainite at 399
°C. In Figure 5c,d, at 371 °C, it
Figure 5a,b show the microstructure of the upper bainite at 399 ◦ C. In Figure 5c,d, at 371 ◦ C, it can
can be seen that upper bainite and lower bainite mixed structures formed. The upper bainite appears
be seen that upper bainite and lower bainite mixed structures formed. The upper bainite appears as
as broad, lath-like sheaves and the lower bainite appears as the narrow, needle-like sheaves.
broad, lath-like sheaves and the lower bainite appears as the narrow, needle-like sheaves. Segregations
Segregations seem to be shown in Figure 5c, but it can be explained by imperfect sample preparation,
seem to be shown in Figure 5c, but it can be explained by imperfect sample preparation, or imperfect
or imperfect microstructures etching, or polishing was not evenly applied, or other deficiency of lab
microstructures etching, or polishing was not evenly applied, or other deficiency of lab works.
works.
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carbides precipitation between the bainitic ferrite plates (which makes the sheaves much slimmer
compared to the upper bainite sheaves).
The lower bainite sheaves are much narrower compared to the upper bainite sheaves as shown
in the photos. Figure 7a,b show the lower bainite and martensite mixed microstructure features. The
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growth, but do not grow as quickly as the upper bainite, possibly due to the lack of coarse carbides
precipitation between the bainitic ferrite plates (which makes the sheaves much slimmer compared to
the upper bainite sheaves).
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(c) 4140 steel 343 °C 30 s 500×
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(a) 4140 steel 343 °C 10 s 500×
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Figure 6. 4140 steel, 343 °C, 10–30 s, half to full grown lower bainite sheaves, LM 500×.

The LM observation reveals that full-grown bainite sheave-length varies, but the sheave width
is very consistent; this suggests that for 4140 steel, the length will not increase once the bainite ferrite
plate forms, likely due to the small austenite grain size limit (22 μm to 32 μm in diameter [44]) which
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sheaves sidewise growth results in lath-like morphology. 4140 steel bainite grows in a process similar
to low carbon steels [45] due to the coalescence of the bainite subunits.
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The LM observation reveals that full-grown bainite sheave-length varies, but the sheave width is
very consistent; this suggests that for 4140 steel, the length will not increase once the bainite ferrite
plate forms, likely due to the small austenite grain size limit (22 µm to 32 µm in diameter [44]) which
provides hard impingement as well as soft impingement. However, the bainitic ferrite plate prefers to
grow in the width direction, most probably due to the fact that carbide or cementite precipitations
along the long width boundaries consumes many carbon atoms. Therefore, relatively low carbon
density areas form on the ferrite plate in the widthwise direction, which promotes the nucleation of the
new ferrite plates [23]. The nature of autocatalytic nucleation may play a large role as well. Bainite
sheaves sidewise growth results in lath-like morphology. 4140 steel bainite grows in a process similar
to low carbon steels [45] due to the coalescence of the bainite subunits.
4.3. Activation Energy of Bainite Transformation
4.3.1. Activation Energy Calculation
The isothermal temperatures selected for this work cover a wide range of temperatures in which
upper bainite and lower bainite is transformed. Particularly, some lower bainite is transformed below
Ms, the martensite start temperature. The bainite transformation activation energy of 4140 steel is
determined as follows.
The activation energy Q at reaction percentage x is defined as:
Qx = R [

∂(ln(K))
∂( T1 )

]x

(5)

where K is the bainite reaction or phase transformation rate. K can be in one of the forms shown in
Equation (6) or (7) when the reaction rate K corresponding to x percentage of bainite volume growth.

If K = (

∂(X )
), then Qx = R[
∂(t)

If K = 1/tx , then Qx = −R[

∂(ln



∂(X )
∂(t)



)

∂( T1 )
∂(ln tx )
]x
∂((1/T ))

]x

(6)

(7)

Equation (7) is used when the reaction rate defined as the reciprocal of reaction corresponding to
x percentage. Usually researchers use the time at 50% reaction point to be the standard, symbolized as
t50 . For simplicity, Equation (7) is commonly used, but Equation (6) is believed to be more accurate for
activation energy calculation [39].
The activation energy Q can be associated to transformation reaction rate K in the
Arrhenius equation.
K = A·exp (−QR/T)
(8)
where,
•
•
•
•

Q: Bainite transformation activation energy [J/mol];
A: Bainite transformation reaction frequency factor [1/s];
R: General gas constant 8.31 [J/mol·K];
T: Isothermal temperature at which bainite is transformed [K].

By applying the natural logarithm on both sides of this equation, a linear equation in the form
shown in Equation (5) can be derived, in which ln(K) and 1/T have a linear relationship.
ln(K) = ln(A) − (Q/R)·(1/T)

(9)
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Once T and ln(K) are known, −(Q/R) and ln(A) can be obtained through linear regression. Thus,
Q, the activation energy, is found through calculation.
Some researchers use the reciprocal of 50% reaction time as the reaction rate K, which is K = 1/t50 ,
for example in [38,39], others choose to use the reaction constant K in the Avrami equation as the
reaction rate, for example in [22]. For comparison purposes. Q is calculated in this research using
both assumptions.
When using K = 1/t50 the relationship is:
K = 1/t50 = A·exp (−Q/RT)

(10)

Taking the logarithm of both sides of the equation:
ln(t50 ) = (Q/R)·(1/T) − ln(A)

(11)

4.3.2. Bainite Reaction Activation Energy Calculation Based on Reaction Rate 1/t50
With the derived Arvami equation, t50 can be obtained. Reaction rate can be defined as the
reciprocal of the reaction time, at which 50% of the reaction has occurred; this can be written as
K = 1/t50 . The data used for performing linear regression are shown in Table 5. With the same method,
the activation energy for all four phases or mixed phases of bainite were calculated.
Table 5. Data used for calculating activation energy of bainite transformation.
Temp (◦ C)

T (K)

ln(1−0.5)

K

n

t50

1/t50

1/T

ln(t50 )

ln(K)

288
316
343
371
399
427
454

560.9
588.7
616.5
644.3
672.0
699.8
727.6

0.693147
0.693147
0.693147
0.693147
0.693147
0.693147
0.693147

0.000013
0.000031
0.000227
0.000347
0.001112
0.003607
0.010829

2.24
2.21
1.8
1.74
1.56
1.33
1.07

129
93
86
79
62
52
49

0.0078
0.0108
0.0116
0.0127
0.0162
0.0192
0.0205

0.001783
0.001699
0.001622
0.001552
0.001488
0.001429
0.001374

4.8589
4.5317
4.4578
4.3676
4.1250
3.9537
3.8869

−11.2506
−10.3815
−8.39056
−7.96619
−6.8016
−5.62488
−4.52551

Table 6 below shows that the overall activation energy calculated is 19.3 kJ/mol. It is approximately
the average of the activation energies of the phases or mixed phases. The mixed phases require more
activation energy to transform. Both upper and lower bainite mixed phase, and lower bainite and
martensite mixed phase, are approximately 32 kJ/mol, which is 150% of the average activation energy.
Being both single phases, the upper bainite and lower bainite require less activation energy. They are
approximately 50% of the average activation energy. QUB and QLB are quite close, but they do not fall
into the QUB > QLB pattern [39]. The calculated 19.3 kJ/mol overall activation energy is much lower
than the activation energy for diffusion of carbon in ferrite, which is 70 kJ/mol [46]. Explained with
displacive theory, once the bainitic ferrite plate forms, the carbon needs to diffuse within the plate
to the boundary into the parent austenite to further the bainite transformation process. 70 kJ/mol is
needed to start the carbon diffusion within the bainitic ferrite plate. This simple comparison may not
be adequate, since the overall transformation involves a mix of phases. The upper bainite or lower
bainite single phase activation energy (10.2 kJ/mol and 10.7 kJ/mol) are quite close to the ones reported
in Umemoto’s paper for a 0.99C wt% steel, which is 11.7 kJ/mol [47]. They are also close to the 17 kJ/mol
and 16 kJ/mol values calculated by Gaballero. Both Umemoto [47] and Gaballero [9] also used 1/t50 as
the reaction rate for calculation.
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Table 6. Bainite reaction activation energy calculation based on 1/t50 and K as reaction rate.
Bainite Phase Matrix

Q (1/t50 ) (kJ/mol)

Q (K) (kJ/mol)

Overall Bainite (QB)
Upper Bainite (QUB)
Upper Bainite + Lower Bainite Q (UB + LB)
Lower Bainite (QLB)
Lower Bainite + Martensite Q (LB + M)

19.3
10.2
31.5
10.7
32.3

136
167
151
50
86

4.3.3. Bainite Reaction Activation Energy Calculation Based on K
With the derived Avrami equation, K can be obtained. K is explained as the reaction rate constant,
so the reaction rate K used in the Arrhenius equation can be used for activation energy calculation [22].
Based on K, the overall bainite transformation activation energy is calculated as 136 kJ/mol, see Table 6,
which is 20% higher than the average activation energy of the four phases or mixed phases. This value
is close to the diffusion activation energy of carbon in austenite, which is 131 or 148 kJ/mol, [38,48,49],
explained by displacive theory which states that carbon atoms from the bainitic ferrite plate partition
into the parent austenite once the bainitic ferrite plate has formed. Carbon atoms need to diffuse
within the austenite a further distance; the 136 kJ/mol activation energy is the amount of energy carbon
atoms need to diffuse in the parent austenite. The results in Table 6 also show QUB (167 kJ/mol) >
QLB (50 kJ/mol), the upper bainite activation energy is higher than the lower bainite activation energy.
This agrees with many published papers. QLB <100kJ/mol also agrees with published results [38,39].
QUB, the upper bainite activation energy is 167 kJ/mol, which is higher than the 130–148 kJ/mol
carbon diffusion activation energy in austenite. QUB(167 kJ/mol) > Q(UB + LB)(151 kJ/mol) >
QLB(50 kJ/mol). As under-cooling increases, the driving forces required decrease, with upper bainite
alone requiring the highest, then a mixture of upper and lower, and lower alone requiring the least;
This trend agrees with Gibbs energy balance models for predicting the transition temperature between
upper and lower bainite, which describe the kinetic competition between the bainitic ferrite and
cementite nucleation in the bainite reaction. Yet Q(LB + M) > QBL, most probably due to prior athermal
martensite accelerating the transformation, hence requiring more energy for this transformation.
Results in Table 6 also agree with the reference values listed in Kang’s paper [38,39], which includes a
summary of activation energies published for more than 30 steel grades.
4.3.4. Comparison of 1/t50 and K Based Activation Energy Calculation Results
Based on the Avrami equation fitted with experimental data, both 1/t50 and K are available as
reaction rates for bainite activation energy calculation, see Table 6. With K based reaction rate, overall
bainite activation energy QB calculated is about 7 times higher than results using the 1/t50 based
reaction rate. The calculation results based on K agree with the data in some published papers [38,39].
1/t50 reaction rate or 50% reaction time based calculation results fall outside the range of some published
results [47,50]. Therefore, the K based reaction rates are preferred to calculate activation energy with
the Arrhenius concept.
5. Discussion and Conclusions
1.

Bainite transformation kinetics fits the conventional JMKA model. Kinetically there is a clear
separation between the four bainite phases matrices. The Avrami constant “n” is around n = 1 for
upper bainite, n = 1.7 for mixed upper and lower bainite, n = 1.8 for lower bainite, and n = 2.2
for mixed lower bainite and martensite. The n values have a linear relation with the isothermal
holding temperature. The n value is between 1 and 2.3, which indicates the reaction is austenite
and bainite interface controlled [14]. The kinetic curve shapes changed from reverse exponential
to typical sigmund as undercooling increases in the experiments.
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Bainitic ferrite morphology in experiments was revealed; both upper bainite and lower bainite
ferrite plates grew to variable lengths, yet both half-grown bainite sheaves had the same width
of 0.64 µm. The full-grown upper bainite was coarse and the sheaves were 1.9 µm in width,
and full-grown lower bainite sheaves were slim and are 1.2 µm in width. Both have the typical
lath-like appearance under LM. The bainite sheaves in 4140 steel have a width direction growth
preference, possibly because its austenite grains are relative small in size or the soft impingement
effect. The physical model of this widthwise growth needs further study. Other than the carbide
precipitations difference, upper and lower bainite had the same transformation characteristics.
Upper bainite and lower bainite mixtures, as well as lower bainite and martensite mixtures,
were also observed; their mechanical properties need further exploration.
Bainite reaction rate can be defined either with the reciprocal of the percentage reaction time
(usually the time at 50% reaction) or the rate constant K fitted in the JMKA model. Once the
rate was determined, the transformation activation energy can be calculated with the Arrhenius
concept using linear regression. For 4140 steel, bainite activation energy was calculated using
both methods. Results show that the K based method is more accurate and thus is preferred.
The overall activation energy for the entirety of bainite formed, which is the average of the four
bainite or mixed bainite phases, is 136 kJ/mol. This matches the carbon diffusion activation
energy in austenite. The lower bainite activation energy is 50 kJ/mol, which is lower than the
iron diffusion activation energy in both austenite (285 kJ/mol) and in ferrite (259 kJ/mol); this is
consistent with the displacive mechanism of bainite transformation, since the activation energy of
bainite is much lower than required by a diffusional mechanism. Bainite transformation cannot
be carried out by diffusion alone.
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