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Abstract Recently, high-speed train systems are develop-
ing rapidly throughout the world. The heavy rail steel for
the high-speed train needs to be heat treated after hot
rolling, in order to improve its mechanical performances
and to meet engineering requirements. This study aims at
effects of applied stress on isothermal phase transformation
of austenite to pearlite in heavy rail steels during heat
treatment. Transformation kinetics and transformation
plasticity models for isothermal phase transformations in
the heavy rail steel have been established. The effects of
stress on transformation kinetics and transformation plas-
ticity have been analyzed. Also, the effects of stress on the
morphology of the generated pearlite microstructure have
been observed by confocal laser scanning microscopy and
scanning electron microscopy. The results show that stress
can speed up the transformation of austenite to pearlite.
And, with increasing stress, the interlamellar spacing of
lamellar pearlite decreases and the fraction of globular
pearlite (exhibiting very short, globular-shaped lamellae)
increases.
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Introduction

As an important method of altering and improving
mechanical performances of metallic materials, heat
treatment is widely used in manufacturing industry. How-
ever, on the basis of present technology, there are still great
difficulties conducting trim-size heat treatment experi-
ments on certain workpieces to design and optimize the
heat treatment processes. Such experiments not only cannot
achieve desired results, but also waste a lot of human
effort, material, finances, and time. Traditional heat treat-
ment technology is unable to accurately predict production
results, and the determination of the heat treatment process
depends greatly on experiences. Obviously, this is an
obstacle to precisely controlling the quality of the heat-
treated products and is a bottleneck of the development of
metal manufacturing industry. Fortunately, however, with
the advanced computer technology, numerical simulation
becomes a powerful tool to study the heat treatment pro-
cess. On the basis of numerical simulation, heat treatment
experiments can be easily conducted in virtual laboratories.
This enables the precise determination of the heat treatment
process [1-3].

In the subject heat treatment process, phase transfor-
mations are usually accompanied by an applied stress
which is lower than the yield stress of the material at the
transformation temperature. The effects of the applied
stress on the phase transformation process can be divided
into two aspects: (1) stress-induced transformation, the
effects of stress on phase transformation kinetics [4-6]; (2)
transformation-induced plasticity, the effects of stress on
mechanical behavior of the material. The transformation
plasticity strain refers to the plastic strain during the
transformation process with an applied stress lower than
the yield stress [7-9]. The models of phase transformation
kinetics and transformation plasticity are indispensable in
the numerical simulation of heat treatment process, and the
accurate models are the basic premises for the success of
simulation. In order to improve the accuracy of the
numerical simulation of the heat treatment process, it is
necessary to accurately establish the transformation plas-
ticity and kinetic models, as well as experimentally study
the effects of stress on transformation, which can provide
theoretical bases and mathematical models for numerical
simulation. Thus, many investigations in this area have
been carried out recently [10-16].

Due to high efficiency and safety, many countries have
paid great attention to the development of high-speed trains
in recent years. Many research institutions and steel
enterprises have conducted research in rail production. The
microstructure of the rail steel is pearlite, which is the two-
phase mixture of ferrite and cementite. Although the

chemical composition of the heavy rail steel for the high-
speed train is mostly identical to that of the general rail, the
heavy rail for the high-speed train has more strict technical
requirements of purity, boundary dimensions, flatness, and
heat treatment process. The heavy rail steel needs to be
heat treated after hot rolling, in order to improve its
mechanical performance to meet the requirements of pro-
duction. During the heat treatment, the phase transforma-
tion of austenite to pearlite occurs. However, there is little
research reported on the effects of applied stress on the
isothermal phase transformation of austenite to pearlite in
heavy rail steels.

In this study, transformation kinetics and transformation
plasticity models have been established. The effects of
applied stress on transformation kinetics and transforma-
tion plasticity have been analyzed. Also, the effects of
applied stress on the morphology of the generated pearlite
microstructure have been observed by confocal laser
scanning microscopy (CLSM) and scanning -electron
microscopy (SEM).

Materials and Experimental Procedure

The chemical composition of the studied steel is given in
Table 1. This steel was preprocessed into cylindrical
specimens 6 mm in diameter and 80 mm in height.

The heat treatment experiments were conducted in
vacuum on a Gleeble-1500D thermal-mechanical simula-
tor. The specimens were preheated to 900 °C at a heating
rate of 10 °C/s and held for 5 min to fully homogenize the
microstructure. After that, certain compressive loads, i.e.,
0, 20, 30, and 40 MPa, were rapidly applied to the speci-
mens along the axial direction by the Gleeble simulator.
The specimens were then cooled to 650 °C at a cooling rate
of 10 °C/s and held for 5 min. Since there is no obvious
difference between the transformation plasticity under
tension and that under compression for the lower applied
stress, only compressive loads were applied in this study
[16]. Figure 1 shows the schematic diagram of the exper-
imental procedure.

As reported in our previous work [17], the applied axial
loads in this study are lower than the yield stress of
47.18 MPa of the studied steel at 900 °C, and the phase
transformation of austenite to pearlite can be fully com-
pleted within the holding time of 5 min. The variation of

Table 1 Chemical composition of the studied steel (wt%)

C Si Mn P S v Al Fe

0.750  0.620 0940 0.019 0.008 0.050 0.005 Bal.
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Fig. 1 Schematic diagram of the experimental procedure

diameter of the specimens during the whole transformation
process was measured and recorded by a dilatometer. The
microstructures of the specimens after the experiments
were observed by CLSM and SEM.

Modeling the Phase Transformation
Volume Expansion in the Transformation Process

For the reason that austenite is denser than pearlite, during
the transformation of austenite to pearlite, the volume of
the specimen increases [18-20]. In this study, the two ends
of the specimen were constrained by chucks, and thus only
radial expansion was measured.

During the transformation process, the radial strain of
the studied steel caused by volume expansion can be
expressed as:

Ad
= 1
¢ d() ( )

Based on the value of Ad measured during the experi-
ments, the relationship between radial strain and time can
be obtained, as shown in Fig. 2. The relationship between
radial strain and time during the cooling and transformation
process (the red circled area in Fig. 2) is shown in detail in
Fig. 3 where #, and ¢, represent the start time and terminal
time of transformation, respectively.

In Fig. 2, line 0-A illustrates that the radial strain lin-
early increases with increasing time in the heating process.
A-B is the holding stage in which the radial strain remains
almost unchanged. B—C is the cooling stage in which radial
strain linearly decreases with increasing time. This indi-
cates that phase transformation does not occur in the
cooling stage. C-E is the phase transformation stage in
which the transformation of austenite to pearlite occurs.
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Fig. 2 Relationship between radial strain and time during the entire
experimental procedure
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Fig. 3 Schematic diagram of the relationship between radial strain
and time during the cooling and transformation process

The radial strain increases with increasing time in this stage
and then remains unchanged at the end of this stage.

Two cases are discussed below. (1) When not axially
loaded, the radial strain C—F only contains thermal strain.
Radial strain D—G contains not only thermal strain, but also
transformation strain. Since the thermal strains included in
C-F and D-G are not produced at the same temperature,
the vertical dimension of C-D represents the thermal strain
during the phase transformation. (2) When axially loaded,
the radial strain C—F contains thermal strain and elastic
strain. Radial strain D—G contains not only thermal strain
and transformation strain, but also elastic strain and
transformation plasticity strain. Therefore, the vertical
dimension of C-D represents transformation strain,
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Fig. 4 Relationship between the vertical dimension of C-D and time
with different applied stresses

transformation plasticity strain, and corrected elastic strain.
Due to the change in elasticity modulus after phase trans-
formation, the elastic strains included in C-F and D-G are
not equal to each other, and the difference between the two
values is the corrected elastic strain. Therefore, the rela-
tionship between the vertical dimension of C-D and time
can be obtained, as shown in Fig. 4. Figure 4 shows that
the applied stress can significantly decrease the phase
transformation time of austenite to pearlite.

Incubation Time for Pearlite Formation

In general, the transformation of austenite to pearlite is
unable to start immediately when the austenite is cooled to
the transformation temperature. However, the transforma-
tion will start after holding for a while, and this time span is
regarded as the incubation time [21, 22]. In Fig. 3, the
segment C—H illustrates the incubation time in this study.

Figure 5 shows the relationship between the incubation
time and the applied stress. Figure 5 shows that when the
applied compressive stress increases from 0 to 40 MPa, the
incubation time decreases from 15.1 to 8.4 s. This indicates
that the applied stress can greatly shorten the incubation
time. When transformation of austenite to pearlite occurs at
higher temperature, the chemical driving force is low. The
applied stress can provide the extra strain energy which can
significantly increase the nucleation rate and further
shorten the incubation time [21, 22].

As shown in Fig. 5, there is an approximately linear
mathematical relationship between the incubation time and
the applied stress. Applying a linear fitting method, the
following relationship can be obtained:

1, = 14.87 — 0.17460 (2)
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Fig. 5 Relationship between the incubation time and the applied
stress

Development of Phase Transformation Kinetics

The isothermal phase transformation of austenite to pearlite
kinetics can be expressed by the Avrami equation [23-27]:

f=1—exp(—b") (3)

If loaded, Eq. (3) needs to be modified to take into
consideration the effects of applied loads on phase trans-
formation kinetics.

Determination of b and n in the Original Avrami Equation

When not loaded, radial strain only contains transformation
strain:

b = o = B )

When austenite fully transformed into pearlite, f = 1
and radial strain reaches its maximum value:

Ermax — ﬂ; (5)

According to Egs. (4) and (5), f can be expressed as:
f= (6)

&

8rmnx

Taking logarithms on both sides of Eq. (3), Eq. (7) can
be obtained:

In[—In(1 —f)] =Inb+nln¢ (7)

During the transformation process, radial strain can be
measured at different times. Submitting the measured
values into Eq. (7), and conducting linear fitting, the values
of b and n can be, respectively, calculated as 0.00324 and
1.609.
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Transformation Plasticity Model

When loaded, radial strain consists of transformation
strain, transformation plasticity strain, and corrected elastic
strain, as expressed by:

6 =&+ +ef (8)

Transformation strain can be obtained by Eq. (4).
According to plastic flow rule of metallic materials
[21, 22, 28], radial strain and axial strain have the fol-
lowing relationship:

&P = —pe? = —0.5¢P 9)

where v is Poisson’s ratio which is the absolute value of the
ratio of radial normal strain to axial normal strain, and its
value varies with temperature. The value of Poisson’s ratio
of the studied steel can be found in our previous work [17].

At the beginning of transformation, the microstructure
of the studied steel only consists of austenite, and the axial
elastic strain of the specimen can be expressed by:

o
Ca0 = Ex (10)
At the end of transformation, the applied load remains
unchanged; however, the elasticity modulus changes due to
the phase transformation. Consequently, the axial elastic
strain of the specimen changes into:
o
85’ = 1 l
“ " Epf + Ea(1—f) (1D
Thus, the increment of the axial elastic strain during the
entire transformation process can be calculated by:

1 1
Af=¢f —f=|———— — —|o 12
r [EPfJFEA(l —f) EA] (12)
According to the plastic flow rule of metallic materials
[21, 22, 28], the corrected value of the radial elastic strain
can be obtained:

e —v(Agf) = 1)[ ! ! (13)

r ~ —:| o
Ey  Epf +Es(1—f)

The value of elasticity modulus varies with temperature
and can be found in our previous work [17].

According to Greenwood and Johnson [29], transforma-
tion plasticity results from the density difference between the
original and the generated phase. The microstress caused by
transformation leads to the occurrence of microscopic plastic
strain in the phase with lower strength. If not loaded, the
average value of the microscopic plastic strain is approxi-
mately zero, and thus only spherical strain occurs at the
macroscopic level. If loaded, the microscopic plastic strain in
the loading direction cannot be counteracted, and thus the
transformation plastic strain occurs at the macroscopic level.
The value of the transformation plastic strain is determined

@ Springer

by the strength of the phase with lower strength, and it is
hardly affected by the orientation effect of the generated
phase. In this study, the generated pearlite has little orien-
tation effect. Therefore, the Greenwood—Johnson model is
used to describe to transformation plasticity during the phase
transformation of austenite to pearlite, as expressed by [29]:

&P =Kaf (2 —f) (14)

The value of &P can be obtained by combination of
Egs. (8), (4), and (13). Substituting Eq. (9) into Eq. (14),
the transformation plasticity coefficient K can be expressed
and calculated by Eq. (15):

{§ tp
k=@ __ o) (15)
of2-f) af(2-f)

As a consequence, the transformation plasticity coeffi-
cient K under different applied stress can be obtained, as
shown in Fig. 6. Figure 6 shows that K increases with
increasing applied stress, and there is an approximate linear
relationship between them. Conducting linear fitting
method shows that this relationship can be expressed by:

K=343x10" +22x 10 % (16)

Therefore, the transformation plasticity strain for the
studied steel during phase transformation under the
experimental conditions can be obtained:

&P = —05343x 10° +22x 10 %a)af(2 —f)  (17)
Transformation Kinetics

When loaded, the Avrami equation needs to be modified,
so as to take the effects of the applied stress on transfor-

mation kinetics into account. In the original Avrami
equation, the parameters b and n are constants. In this
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Fig. 6 Relationship between transformation plasticity coefficient and
applied stress



Metallogr. Microstruct. Anal. (2016) 5:402—410

407

study, b and n are changed into variables with the applied
stress.

Assuming that P(f) = - W Eq. (18) can be
deduced by second-order Taylor expansion of P(f) under
the condition of f = 1:

P(f) = P(1) + P (1)(f = 1) + o((f — 1)) (18)
Setting ag = EEPE? — E”E Erand g, = PEZ , Eq. (13) can

be simplified as: "

& = va(ap + af) (19)

According to our previous work [17], ag and a; can be
obtained as 1.013 x 107" and 1.076 x 107°, respectively.

Substituting Egs. (4), (14), and (13) into Eq. (8), the
following equation can be obtained:

& = Prf — —K of (2 —f) +volao + arf) (20)
Setting a=1Ko, b= B} — Ko + vaay, and
¢ = voay — &,, f can be expressed as:
—b+ Vb2 —4daxc
f== 1)

The value of f at different times of transformation can be
calculated by Eq. (21), and the value of b and n can be
obtained by Eq. (7). The relationship between b/n and
applied stress is shown in Figs. 7 and 8. Conducting linear
fitting, b and n can be determined as:

n=1.63+0.016¢ (22)
b =0.003241.75 x 10*¢ (23)
Verification of the Established Model

The comparison between the measured and the predicted
radial strain is shown in Fig. 9. Figure 9 shows that in most

2.8 4
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2.4 4
2.2 4 * P'S
2.0 4
C 184
1.6
1.4 -
1.2 -
1.0 -

0.8 4

~—TrrrTr T T
5 0 5 10 15 20 25 30 3 40 45

o (MPa)

Fig. 7 Relationship between n and applied stress

cases the predicted data agree well with the measured data,
which indicates that the established model has an
acceptable accuracy.

Effects of Applied Stress on Phase Transformation

When not loaded, the pearlite volume fraction can be cal-
culated by Eq. (6). When loaded, the pearlite volume
fraction can be calculated by Eq. (21). The relationship
between pearlite volume fraction and time is shown in
Fig. 10.

Figure 10 shows that with the applied stresses of 0, 20,
30, and 40 MPa, when the pearlite fraction reaches 50 %,
the required times are 21.66, 16.68, 14.31, and 13.15 s,
respectively; when the pearlite fraction reaches 90 %, the
required times are 40.10, 35.76, 27.30, and 25.23 s,
respectively. This indicates that the applied stress can
speed up the transformation of austenite to pearlite.
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Fig. 8 Relationship between b and applied stress
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Fig. 9 Comparison between the measured and the predicted radial
strain
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Besides, the speed-up effect promotes with increasing
applied stress.

The microstructures of the specimens after the phase
transformation with different applied stresses were

1.1

1.0 X b
0.9 - - /vﬁp.f/}. :I.M,.-I—-
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Fig. 10 Relationship between pearlite volume fraction and time

respectively observed by CLSM and SEM, as shown in
Figs. 11 and 12. When not loaded, the microstructure after
transformation mainly consists of lamellar pearlite. When
applied stress increases to 20 MPa, globular pearlite
becomes noticeable. When applied stress increases to
40 MPa, the fraction of globular pearlite further increases.
Globular pearlite is indicated by the presence of very short,
globular-shaped lamellae.

As shown in Fig. 12, when not loaded, the microstructure
after phase transformation is regular lamellar pearlite with an
interlamellar spacing of 0.452 um. When loaded with an
applied stress of 20 MPa, the microstructure is mostly regular
lamellar pearlite, but a small part of globular pearlite. The
interlamellar spacing deceases to 0.312 pm. When the applied
stress increases to 40 MPa, the microstructure mainly consists
of globular pearlite. This suggests that with increasing applied
stress, the interlamellar spacing of lamellar pearlite decreases
and the fraction of globular pearlite gradually increases.
Possibly, the reason is that the stress distribution inside the
specimen is nonuniform, which leads to lattice distortion and
increasing dislocation density. This further leads to the seg-
regation of carbide. In carbon-rich areas, carbide is easier to

Fig. 11 CLSM figures of the microstructure of the specimens after transformation with different applied stresses of: a 0 MPa, b 20 MPa,

¢ 40 MPa

Fig. 12 SEM figures of the microstructure of the specimens after transformation with different applied stresses of: a 0 MPa, b 20 MPa,

¢ 40 MPa
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generate, which provides an advantage for the nucleation of
globular pearlite. In addition, local stresses near the disloca-
tions and the grain boundaries are likely to be far greater than
the applied stress. Although it may not meet the requirement
of plastic deformation from a macroscale, the maximum value
of the local stress inside the specimen may far exceed the yield
stress. Therefore, plastic deformation possibly occurs in this
case, causing lattice distortion and an increase in dislocation
density. This may also resultin the increased nucleation rate of
globular pearlite.

Conclusions

In the present study, the effects of applied stress on the
isothermal phase transformation of austenite to pearlite in
heavy rail steels during heat treatment were analyzed. The
following conclusions can be drawn, and these conclusions
can be of great use in numerical simulations of heat
treatment for heavy rail steels.

1. The applied stress can greatly shorten the incubation
time of the phase transformation from austenite to
pearlite.

2. The transformation plasticity effect of the studied
heavy rail steel during heat treatment was described on
the basis of the Greenwood—Johnson mechanism.
When the applied stress is lower than the yield stress,
the transformation plasticity coefficient K increases
with increasing applied stress. The transformation
plasticity strain can be expressed as:

ef = —0.5(3.43 x 107° +2.2 x 10 %0)af (2 — f)

3. A modified Avrami equation was proposed to take the
effects of the applied stress on transformation kinetics
into account. The transformation kinetics model is:

f=1—exp(—bt")
n(o) = 1.63 + 0.0160
b(g) = 0.0032 + 1.75 x 10~*a

4. With increasing applied stress, the interlamellar spac-
ing of lamellar pearlite decreases and the fraction of
globular pearlite gradually increases.
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