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Abstract: The growth rates of bainite plates in an Fe−C−Mn−Si superbainitic steel were investigated by in situ observation. The lengthening 
rates of ferrite bainite during both cooling and isothermal holding processes were observed and the growth rates of bainite plates nucleating at 
grain boundaries, within grains and on preformed bainite were measured. It is indicated that the lengthening rates of bainite plates during the 
cooling and isothermal processes were different, and that the growth rates of bainite plates nucleating at different types of sites also demon-
strated diversity. The bainite plates initiating at grain boundaries during cooling grew the fastest, while the plates nucleating on preformed 
bainite did the slowest. However, the growth rate of the bainite plates nucleating at grain boundaries during isothermal transformation de-
creased the most, whereas the bainite plates initiating within grains grew the fastest. In addition, the growth rate of ferrite bainite in the study 
supported the diffusion transformation mechanism of bainite from the viewpoint of growth rate. 
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1. Introduction 

Bainitic steels possessing both high strength and good 
toughness have always been a topic of interest in steel re-
search [1−2]. The kinetics of bainitic transformation has 
been studied quite extensively for a few decades, with the 
growth rate of bainite plates being one of the main research 
interests in phase transformation kinetics. Some recent work 
has been conducted on the growth rate of ferrite bainite. 
Yada and Ooka [3] calculated the growth rates of typical 
upper and lower bainite plates by hot-stage in situ optical 
microscopy. Yada et al. [4] also investigated the lengthening 
of bainite plates in an Fe−0.7C−6Ni alloy during transfor-
mation by hot-stage electron microscopy. Moreover, Matas 
and Hehemann [5], and Nemoto [6] reported experimental 
data for the growth rate of bainitic laths in Fe−0.5C−Ni al-
loys. Quidort and Brechet [7] calculated the growth rate of 
bainite in 0.5% C steels with the Trivedi equation and 
claimed that the model for carbon diffusion could satisfacto-
rily predict the temperature and carbon content dependen-

cies of growth rate. In addition, some experimental investi-
gations by in situ observation or hot-stage optical micros-
copy indicated that the lengthening of bainite laths proceeds 
at a constant rate [8−10]. Further, Speich and Cohen [11], 
employing a hot-stage microscope to study the growth ki-
netics of bainite plates, reported that the lengthening rate is 
well consistent with values calculated by the models of car-
bon diffusion control [12−13]. 

Almost all of the recent studies focused on bainite plate 
lengthening during isothermal holding. However, these 
studies did not distinguish between the lengthening dis-
crepancies that might arise from bainite nucleation at dif-
ferent sites. In the present study, the growth processes of 
bainite plates in a superbainitic steel were dynamically ob-
served by laser scanning confocal microscopy (LSCM). The 
growth rates of bainite plates during both cooling and iso-
thermal holding processes were investigated, and the 
lengthening rates of bainite plates nucleating at grain 
boundaries, within grains and on preformed bainite were 
measured. 
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2. Experimental 

The experimental material is an Fe−C−Mn−Si super-
bainitic steel refined in a 25 kg vacuum induction furnace 
and cast into a small ingot, followed by rolling to a 
10-mm-thick flat. The material composition of the steel is 
listed in Table 1. High-temperature LSCM was chosen as a 
method for revealing bainite plates for its obvious advantage 
of in situ observation of bainite growth over time. LSCM 
samples were machined into cylinders of 6 mm in diameter 
and 4 mm in length. The top and bottom surfaces of the 
samples were polished to ensure a level measurement face 
and to minimize the effect of surface roughness. The inves-
tigations were performed in a VL2000DX LSCM according 
to test procedures shown in Fig. 1. The specimen chamber 
was evacuated to 6 × 10−3 Pa before heating, and argon was 
used to protect the specimens from surface oxidation. The 
specimens were heated at a rate of 5°C/s to 1100°C and held 
for 30 min. Then they were cooled at 5°C/s to 330°C and 
isothermally treated for 60 min, to allow bainitic transfor-
mation, followed by final air cooling to room temperature. 
The scanning frequency of 15 Hz was chosen for the whole 
procedure from heating to cooling. A video showing the 
dynamic growth process of ferrite bainite was simultane-
ously obtained. The principle for in situ observation of bain-
ite nucleation and growth is a relief phenomenon occurring 
in phase transitions. Ko and Cottrell [14] first observed the 
relief phenomenon of bainitic transformation in 1952. 

Table 1.  Material composition of the tested steel   wt% 

C Si Mn P S Al Ti N 
0.4 2 2.81 0.008 0.003 0.4 0.0017 0.0042

 
Fig. 1.  Heat treatment procedure. 

3. Results 

3.1. Nucleation and growth of bainite plates 

Many studies on nucleation and growth of bainite plates 

were conducted by conventional metallography. In this 
study, the dynamic processes of nucleation and growth of 
bainite plate were directly observed by high-temperature 
LSCM. Fig. 2 shows micrographs of bainite nucleation 
taken by LSCM, from which it can be observed that bainite 
nuclei initiate at three types of sites. Bainite platelets can 
nucleate at austenite grain boundaries (indicated by arrow a 
in Fig. 2) or within austenite grains (indicated by arrow b in 
Fig. 2). Moreover, sympathetic nucleation of bainite plate-
lets is also observed. As indicated by arrow c in Fig. 2, bain-
ite platelets initiate in the same direction as previously 
formed bainite plates. 

 
Fig. 2.  Nucleation of bainite plates. 

3.2. Lengthening of bainite plates during cooling 

The process of bainite plate lengthening during cooling 
was directly observed by in situ investigation on the LSCM. 
The lengthening rate was determined by the slope of the 
length-to-time plot. Fig. 3 illustrates the lengths of a bainite 
plate that nucleated at a grain boundary; Fig. 3(a) shows its 
length at 2164.83 s, and Figs. 3(b) and 3(c) indicate its 
lengthening over time. The lengthening curve of the bainite 
plate that nucleated at the grain boundary is plotted in Fig. 
3(d) to correspond with the lengths of the bainite plate at 
different times (Figs. 3(a)–3(c)), and a growth rate of 7.8 
μm/s is obtained by the slope of the length-to-time plot.  

The growth rates of bainite plates that nucleated within 
grains or on previously formed bainite plates were obtained 
in the same way. Fig. 4 shows the LSCM micrographs of a 
bainite plate that nucleated within a grain at a growth rate of 
4.5 μm/s, while Fig. 5 shows the lengthening process of a 
bainite plate that nucleated on preformed bainite at a growth 
rate of 1.3 μm/s. By measuring the growth rates of bainite 
plates that nucleated at different types of sites, it was   
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Fig. 3.  Micrographs of the growth of a bainite plate that nucleated on a grain boundary during cooling (a–c) and length-to-time plot (d). 

 
Fig. 4.  Micrographs of the growth of a bainite plate that nucleated within a grain during cooling (a–c) and length-to-time plot (d). 
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Fig. 5.  Micrographs of the growth of a bainite plate that nucleated on a preformed bainite plate during cooling (a–c) and 
length-to-time plot (d). 

observed that the bainite plate initiating at the grain bound-
ary had the fastest growth, whereas the bainite plate nucle-
ating on preformed bainite had the slowest growth. The 
lengthening rate is constant during the growth process. 

3.3. Lengthening of bainite plates during isothermal 
holding 

The growth rates of bainite plates that nucleated at dif-
ferent sites during isothermal holding were determined by 
the method mentioned above. The lengthening of a bainite 
plate that nucleated at a grain boundary during isothermal 
transformation is illustrated in Fig. 6; Fig. 6(a) shows its 
length at 2195.96 s, and Figs. 6(b) and 6(c) indicate its 
lengthening over time. The lengthening curve of the bainite 
plate that nucleated at the grain boundary is plotted in Fig. 
6(d) to correspond with the lengths of the bainite plate at 
different times (Figs. 6(a)–6(c)), and a growth rate of 0.53 
μm/s is obtained by the slope of the length-to-time plot.  

In addition, the lengthening and growth rates of bainite 
plates that nucleated within grains and on previously formed 
bainite are given in Figs. 7 and 8, respectively. The growth 
rates of bainite plates nucleated within grains and on pre-
formed bainite are 0.86 and 0.84 μm/s, respectively. This 

indicates that the maximum growth rate was achieved by a 
bainite plate initiating within a grain, whereas the minimum 
growth rate was for the one nucleating at a grain boundary. 
Generally speaking, the growth rate of bainite plates during 
isothermal holding is lower than that during the cooling 
process. 

4. Discussion 

Of the reported work on bainite growth rate, only the av-
erage growth rate during the isothermal process has been 
given, not the differences in the growth rates of bainite 
plates having different nucleation sites. In the present study, 
the growth rates of bainite plates that nucleated at different 
sites during both cooling and isothermal holding processes 
were calculated based on the lengths of bainite plates at dif-
ferent times observed by LSCM micrographs. Table 2 and 
Fig. 9 summarize the average growth rates measured during 
cooling for 18, 16, and 13 bainite plates that initiated at 
grain boundaries, within grains, and on preformed bainite 
plates, respectively. Table 3 and Fig. 10 summarize the av-
erage growth rates measured during isothermal holding for 
16, 12, and 8 plates that initiated as above, respectively.   
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Fig. 6.  Micrographs of the growth of a bainite plate that nucleated at a grain boundary during isothermal holding at 330°C (a–c) 
and length-to-time plot (d). 

 
Fig. 7.  Micrographs of the growth of a bainite plate that nucleated within a grain during isothermal holding at 330°C (a–c) and 
length-to-time plot (d). 
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Fig. 8.  Micrographs of the growth of a bainite plate that nucleated on a preformed bainite plate during isothermal holding at 
330°C (a–c) and length-to-time plot (d). 

Table 2.  Lengthening rates of bainite plates measured by in 
situ observation during cooling 

Lengthening rate / (μm⋅s−1) Nucleation  
site 

Number 
of plates Maxi-

mum 
Mini-
mum Mean Standard 

deviation 
At grain 

boundaries 18 8.2 1.6 5.12 1.93 

Within grains 16 5.3 1.1 3.09 1.34 
On preformed 

bainite 13 1.5 0.9 1.21 0.16 

 
It can be observed that the growth rate of bainite plates 

nucleating at grain boundaries during cooling is the highest, 
whereas the growth rate of bainite plates nucleating on pre-
formed bainite is the lowest. First, bainite nuclei easily initi-
ate at grain boundaries because of high energy which results 
from irregular atomic arrangements and lattice distortions. 
Moreover, the diffusion speed of atoms at grain boundaries 
is higher owing to the presence of more defects such as dis-
locations and vacancies. The nucleation and growth of new 
nuclei at grain boundaries can reduce the grain energy in a 
spontaneous process. Therefore, the highest average length-
ening rate is for bainite plates initiating at grain boundaries.  

During isothermal transformation, the lowest average 

growth rate occurs for bainite plates initiating at grain 
boundaries. This occurs because the growth rate of bainite 
plates nucleating at grain boundaries is the highest during 
the cooling process, at which the growth almost reaches 
completion. Further, the average lengthening rates of dif-
ferent bainite plates are lower during isothermal holding 
than those during the cooling process. 

 
Fig. 9.  Average lengthening rates of bainite plates that nucle-
ated at grain boundaries, within grains, and on preformed 
bainite plates during cooling. 
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Table 3.  Lengthening rates of bainite plates measured by in 
situ observation during isothermal holding 

Lengthening rate / (μm⋅s−1) 
Nucleation site 

Number 
of plates Maxi-

mum 
Mini-
mum 

Mean
Standard 
deviation

At grain boundaries 16 0.6 0.1 0.35 0.16 

Within grains 12 1.0 0.2 0.62 0.26 

On preformed bainite 8 0.9 0.2 0.54 0.25 

 
Fig. 10.  Average lengthening rates of bainite plates nucleated 
on grain boundaries, within grains, and on preformed bainite 
plates during isothermal holding at 330°C. 

Diffusion-controlled models for the growth rate of ferrite 
bainite include the Zener–Hillert equation and the Trivedi 
equation. The Zener–Hillert [15] equation is as follows: 

02.5(1 )
max c 0 0/ 10 / 4(1 )D Ωυ ρ Ω Ω− −= −   (1) 

where υmax is the maximum edgewise growth rate of ferrite 
plates, ρc is the critical value of the radius of curvature at 
plate edges, D is the diffusion coefficient of carbon in aus-
tenite, and Ω0 is solute supersaturation (xγα − x0)/(xγα − xαγ). 
Here xγα is the equilibrium atomic fraction of carbon in aus-
tenite at the γ/α interface, xαγ is the equilibrium atomic frac-
tion of carbon in ferrite at the interface, and x0 is the initial 
atomic fraction of carbon in austenite. 

The Trivedi [16] equation is written as 

0 / (π )e ( )pp erfc pΩ =  

0 1 0 21 ( / ) ( ) ( / ) ( )c cS p S pυ υ Ω ρ ρ Ω+ +            (2) 
where p = υp/D is the Peclet number, ρ is the actual curva-
ture at the growth tip, S1 and S2 are the functions of p, and 
ρc/ρ decreases with Ω0. The dependence of p on Ω0 is given 
in Ref. [17]. 

According to Ref. [2], the growth rates of bainite in 
0.48wt% carbon steel calculated by the Zener–Hillert and 
Bosze–Trivedi models are of order 10−3 mm/s during trans-

formation at 330°C, which is consistent with the values 
measured in this study. Moreover, the average lengthening 
rate of all bainite plates measured in this study is 0.52 × 10−3 
mm/s, which is on the same order as that given by Matas 
and Hehemann [5]. The growth rate of bainite plates is far 
smaller than the growth rate of martensite reported by Hsu 
(106 mm/s) [18] and is also smaller than the growth rate of 
pearlite given by Mehl and Hagel (10 mm/s) [19]. Therefore, 
the growth rate of bainite plates in the present study supports 
the diffusion transformation mechanism of bainite from the 
viewpoint of growth rate.  

5. Conclusions 

Dynamic in situ observation of the growth process in an 
Fe−C−Mn−Si superbainitic steel was conducted by 
high-temperature LSCM. The lengthening rates of bainite 
plates nucleating at different types of sites were measured 
during both cooling and isothermal transformations. The 
following conclusions can be drawn as follows. 

(1) The lengthening rates of bainite plates during cooling 
and isothermal processes are different, and the growth rates 
of bainite plates that nucleated at different sites are also 
characterized by diversity. 

(2) Bainite plates initiating at grain boundaries during 
cooling grow at higher rates, whereas those nucleating on 
preformed bainite grow at lower rates. However, the growth 
rate of plates nucleating at grain boundaries and within 
grains slows and speeds up during isothermal transforma-
tion. 

(3) The growth rate of ferrite bainite measured in this 
study is consistent with the theoretical calculation results of 
the Zener–Hillert equation and the Trivedi equation. The 
growth rate of ferrite bainite is far lower than that of mart-
ensite and is also lower than that of pearlite. Therefore, the 
growth rate of ferrite bainite in the present study supports 
the diffusion transformation mechanism of bainite from the 
viewpoint of growth rate.  
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