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Abstract 
 
In this work, the isothermal bainite transformation in a low carbon multi-microalloyed steel was 
investigated using a dilatometer. Two different transformation behaviors were identified 
according to the measured dilatometric curves. The variation of transformation mechanism was 
explored based on the microstructural observation and the change of the Avrami exponent with 
the holding time and isothermal temperature. For example, the solute drag effect is mainly 
responsible for the transformation stasis phenomenon at the first stage of the abnormal reaction 
curve. A physically-based model was proposed to describe the normal bainite formation kinetics 
curves on the basis of the modification of the Johnson-Mehl-Avrami (JMA) equation. The 
transformation mode is considered as the site saturation of nucleation and interface controlled 
growth under the large undercooling condition. Comparison between the calculation curves and 
the experimental data in this experimental steel gives a very good agreement. 
 

Introduction 
 
The control of transformation of the austenite to ferrite phase during the production of steels is 
extremely important to tune and optimize the final microstructure and mechanical properties [1-
3]. Taking as a typical example the accelerated cooling technology, the properties of the low 
carbon microalloyed steels can achieve easily a good combination of high strength and toughness 
as well as good weldability as the accelerated cooling method assists the bainite transformation 
[4]. Thus, this kind of steels has been widely applied in building, bridge, pipeline and offshore 
structures. To reveal the potential laws of the microstructural evolution as a function of 
transformation time and/or temperature, much effort has been spent on the modelling of phase 
transformations in the last several decades [1-3, 5-8]. However, it is no easy task to extract from 
such experimental data quantitative information on the operating modes of nucleation, growth 
and impingement of product phase because of the diversity of phase transformation. 
The classical Johnson-Mehl-Avrami (JMA) equation often plays an important role in studies of 
the solid state phase transformations, which is valid to describe the phase transformation 
behaviors under most circumstances [3]. For example, there usually exist two methods to model 
the kinetics of isothermal bainite transformation according to different viewpoints to the bainite 
transformation mechanism: One is carbon diffusion controlled growth mechanism [7, 9]; the 
other is martensite-like shear mechanism [8, 10]. In the end, the “expand volume” of phase 
transformation based on the above bainite transformation mechanisms should be modified using 
the JMA phenomenological model [7-10]. However, because the JMA model is assumed that the 
nuclei are dispersed randomly in the total volume and grow isotropically, some of abnormal 
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phase transformation kinetics is not suitable to be described by the traditional JMA model [3, 5, 
6]. For example, under the lower driving force of transformation condition overall transformation 
kinetics seems not to obey the exponent growth mode when the occurrence of solute drag effect 
retards the reaction kinetics [2, 11]. Therefore, the solute drag theory was applied to model 
ferrite formation in multiphase steels, as proposed in some papers [12, 13]. Recently, the 
modular transformation model has been developed and applied very successfully to a number of 
strikingly diverse transformations [5, 6]. 
In this work, the isothermal bainite transformation of a low carbon multi-microalloyed steel was 
examined by using a dilatometer. Two distinct transformation behaviors were observed in the 
range of the isothermal bainite formation temperature. However, we mainly focused on the 
establishment of kinetics model of the normal phase transformation behavior. 
 

Experimental Procedure 
 
The composition of the low carbon multi-microalloyed steel used in this study is 0.053 C-0.22 
Si-1.63Mn-1.02(Cr + Cu + Mo)-0.07(Nb + V+ Ti) (wt. %). The dilatometric specimens cut from 
the hot rolled steel plate were machined into the cylindrical shape with dimensions of φ3 × 10 
mm. The whole heat treatment process was carried out using a Formastor-FII machine as follows: 
each specimen was austenitized at the peak temperature of 1300  for 5 s to obtain the large ℃
austenite grain size. Then it was quenched by a helium jag within the quench time of 0.1 s to the 
programmed isothermal holding temperature in the range of bainite formation (460~560 ℃). 
After annealing at a holding temperature for 1000 s or more, the transformed specimen was 
quenched again by a hydrogen jet (about 10 s) down to room temperature. The changes in length 
of the specimens were recorded in the whole heat treatment process. The microstructures of the 
dilatometric specimens were observed using an optical microscope after they were prepared by 
conventional grinding and polishing techniques and etched with 3 % nital etchant. 
 

Results 
 
Figure 1 shows the changes in the morphology of isothermal bainite microstructure with 
isothermal temperature. The main microstructure is characterized by fine lath bainite (or bainitic 
ferrite) with a small fraction of massive martensite/austenite (M/A) constituents attached to prior 
austenite grain boundary when the isothermal temperature is 460  (Fig℃ ure 1a). The M/A 
constituents are a kind of untransformed austenite in the equilibrium state at the isothermal stage 
because the carbon segregation on these constituents lowers their chemical free energies [14]. 
Therefore, the amount of the M/A constituent represents the degree of incomplete bainite 
transformation. With the increase in the isothermal temperature, the main microstructure changes 
from bainitic ferrite to granular bainite then to widmanstätten ferrite, as shown in figs. 1b and 1c. 
And the amount of the M/A constituent increases notably measured by point counting method. 
However, the residual austenite can be only transformed into a mixture of martensite and lath 
bainite rather than the fully martensite during the helium jag quenching when the temperature is 
about 530℃ (Figure 1c). It is evident that the bainitic laths always nucleate on the prior austenite 
grain boundary and their width sizes become larger with increasing isothermal temperature. 
When the temperature rises to 550 ℃, the grain boundary polygonal ferrite forms during the long 
isothermal time without the formation of bainite morphology (Figure 1d), indicating that the 
bainite start formation temperature should be slightly below 550 ℃. 
The relative change in length of the specimens with the holding time and the temperature is 
given in Figure 2. Obviously, the maximum relative dilatation is as a function of temperature, 
increasing with decreasing isothermal temperature (Figure 2a). The dilatometric curves can be 
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classified into two different types according to the change trend of curves at the end stage of the 
holding time as well as during the second quenching stage (Figure 2b). The first type curves in 
the temperature range of 460~500 ℃ show that the isothermal bainite transformation has 
finished as all curves become the horizontal lines and no second phase transformation behavior 
can be detected during the second quenching stage. The finish time of isothermal transformation 
is extended with the decrease in isothermal temperature, as arrowed in Figure 2a. By contrast, the 
second type curves lie in the temperature range of 510~540 ℃. This type curves show that the 
dilatation still increase with a certain rate at the last isothermal stage, which suggests that the 
isothermal transformation does not completely terminate. And the second transformation 
behavior occurring at the second quenching stage highlighted in Figure 2b strongly proves that 
quite a number of untransformed austenite must exist before the quenching. 

 
Figure 1. The morphology of isothermal bainite microstructure: (a) 460℃ for 1000s; (b) 490℃ 
for 1000s; (c) 530℃ for 1000s; (d) 550℃ for 7200s (LB: lath bainite, M/A: martensite/austenite 
constituent, BF: bainitic ferrite, GB: granular bainite, WF: widmanstätten ferrite, PAGB: prior 

austenite grain boundary, M: martensite, PF: polygonal ferrite) 
The volume change of the sample is assumed to be isotropic. That is to say, the volume change 
accompanying the transformation is directly related to the measured length change of the sample. 
Therefore, the volume fraction transformed ( )f t  can be calculated by Equation (1) according to 
the classic lever rule based on the dilatometric curves, as shown in the Figure 3a. 

 
max

( ) ( )

f

f t L t

f L





 (1) 

where maxf is the maximum volume fraction at each isothermal temperature,  and( )L t fL  
corresponding to the relative dilatation at t s and the quenching time, respectively. The maximum 
volume fraction transformed can be obtained based on the optical micrographs (Figure 1). It can 
be seen that the kinetics of the isothermal bainite transformation is very slower at the higher 
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isothermal temperature (e.g. 540 ℃) compared with the lower isothermal temperature (Figure 
3b). The kinetics of the second type curves also exhibit two-stage transformation behavior: the 
transformation rate is relatively fast at first stage, followed by a second, linearly steady stage. 
While the kinetics of the first type curves show the typical “S” shape, which is called the normal 
phase transformation kinetics curve. 

  
Figure 2. (a) The variation of relative dilatation as a function of holding time, the transformation 
finish times are indicated with arrows and two different types of curves were circled separately, 
(b) the variation of relative dilatation with the cooling temperature and isothermal temperature 

signified with arrows 

  
Figure 3. Kinetics of isothermal bainite transformation (a) the lever rule method, (b) actual 

volume fraction transformed 
 

Discussion 
 
The conventional JMA equation is generally used to model phase transformation kinetics under 
isothermal conditions as a purely phenomenological description. Therefore, this formal theory is 
largely independent of the particular models used in detailed descriptions of the mechanism of 
transformation [3]. The general expression of the JMA equation is shown in Equation (2). 
 01 exp[ ( ) ]nf k t t     (2) 
where f is the volume fraction of the transformation product, t is the reaction time, t0 is the 
incubation time, k is the rate constant, and n is Avrami exponent indicative of the transformation 
mechanism. Because the incubation time of bainite transformation in the low carbon steel is very 
short (Fig. 3b), it is assumed to be zero in this study. If the Avrami exponent can be regarded as a 
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constant at the whole isothermal transformation stage, the above JMA equation can be changed 
into Equation (3) by taking the Equation (2) twice logarithm.  
 ln[ ln(1 )] ln( ) lnf n t k     (3) 
It is clear that the n value is equal to the slope of the linear portion of the curves in Figure 4. For 
the normal transformation curves, the n value is almost a constant at each isothermal temperature, 
and the value decreases slightly with the increase in the isothermal temperature. Thus, the 
transformation kinetics is supposed to be described reasonably by the JMA equation under this 
situation. As regards the abnormal transformation curves (510 to 540 ℃), the n value presents 
several linear change stages obviously with the holding time. It is interesting found that the n 
value decreases to the same value (about 0.35) at the last stage for each abnormal curve. In 
combination with microstructural observation that the ferrite laths become wider with the 
increasing in holding time. It can be concluded that the transformation may be controlled by 
carbon diffusion at the last isothermal stage. In addition, the n value becomes zero at the second 
stage for 540℃ isothermal temperature, indicating the occurrence of transformation stasis. This 
phenomenon may be mainly attributed to the solute drag effect inhibiting the interface movement 
at the relatively lower chemical driving force condition as reported in various literatures [2, 11, 
12]. As a result, the traditional JMA equation can not describe this bainite transformation. 

 
Figure 4. The relationship between ln[-1n(1-f)] and ln(t) indicating the change of the Avrami 

exponent with the isothermal temperature and holding time 
As mentioned above, the JMA model is a kind of overall phenomenological description for 
transformation kinetics. To provide a physically based overall kinetics model of the bainite 
transformation, we need a description of both the nucleation and growth kinetics of the new 
product. Here, the modular phase transformation model mainly proposed by Liu et al. [5] was 
employed to analyze the normal bainite transformation kinetics. 
For isothermal transformation, different nucleation modes can prevail in the transformation 
process [3, 5, 6], e.g. continuous nucleation mode, nucleation site saturation and the mixed 
nucleation mechanism mode. According to the present experimental results, the large degree of 
supercooling can provides the saturation of the nucleation sites at the very early in the 
transformation and the number of the pre-existing nuclei increases with increasing the 
undercooling degree. Thus, the nucleation can be supposed to be site saturation mode. That is, all 
nuclei are present at the beginning of transformation and the further nucleation rate is zero. This 
implies for the nucleation rate: 
 *( ) ( 0)N T N t   (4) 
where is the number of pre-existing nuclei per unit volume, T is the absolute temperature and *N

0)(t  denotes the Dirac function. 
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Each nucleus of bainitic lath grows in the length direction with the holding time. Their growth 
rate can be controlled by interface movement and/or carbon diffusion rate. For the case of 
interface-controlled growth with large undercooling, the interface velocity is given by [5] 

 0( ( )) exp( )
( )
GQ

T t
RT t

    (5) 

where 0  is the pre-exponential factor for growth,  is the activation energy for the transfer of 
atoms through the interface and R is the gas constant. 

GQ

Under the carbon diffusion-controlled growth condition, the growth rate of bainitic lath is 
determined by the carbon diffusivity in the untransformed austenite. Based on the assumption of 
local equilibrium of carbon atom at the moving interface, Hillert [15] proposed an empirical 
equation to calculate the diffusion controlled growth rate as follows: 

 6
0( ( )) 2.5 10 ( )DT

T t C C
C

    0 2



 (6) 

where D is the carbon diffusivity in austenite, C0 is the bulk carbon concentration and Cγα is the 
carbon concentration at the boundary in austenite. 
According to the morphology of bainite lath in two dimensions (Figure 1), its spatial structure 
can be considered as a cylindrical shape. The width of bainitic lath is found to be determined 
mainly by the isothermal temperature and the average carbon content of parent austenite [9], as 
shown in an empirical equation of Equation (7). 

Bw

  (7) 4 2 0.36( ) 4.2 10 ( 273) 8.7 10 /Bw m T C      
Therefore, the volume of a growing bainitic lath can be calculated at the time t after it nucleated 
at time τ: 

 2( ) 0.25 ( ( ))
t

BY T w T t d


   

B

 (8) 

Assuming that the transformation occurs in an infinite large volume, the nucleation and growth 
of the new phase is not affected by the existing product phase. In other words, the impingement 
of product is neglected. According to the above nucleation mode (site saturation) and growth 
mode (e.g. interface controlled growth), the extended volume of the bainite formation is given by: 

  (9) 2

0

( ) ( ( )) 0.25 ( ) ( )
t

n
eV VN T Y T d VN T w T t      

where n is the above Avrami exponent. However, the impingement between the product phases 
is absolutely present in the actual transformation process. Therefore, the extended volume should 
be modified by the JMA equation. The actual volume fraction transformed is given as: 
 21 exp( )n

Bf w N t      (10) 
where λ is a parameter which has to be adjusted from the experimental isothermal kinetics. 
Because the JMA model is assumed that the transformation is random nucleation, constant 
nucleation rate, and linear growth, the calculated volume fraction may have some deviation from 
the measured volume fraction. Figure 5 shows the predicted isothermal kinetics according to 
Equation (10). The predicted kinetics is in a good agreement with the experimental results. It is 
worth noting that, in order to simplify the parameters, the nucleation rate N can be firstly 
estimated by austenite grain size and the growth rate of bainitic laths with the large undercooling 
can be considered as the interface controlled growth mechanism. The effective activation energy, 
which equals to the growth activation energy in Equation (5) under the site saturation of 
nucleation condition, can be estimated in terms of the Kissinger-like method [6]. Figure 5 shows 
that the calculation describes the experimental data with sufficient accuracy almost in the whole 
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isothermal process. Because the degree of incomplete bainite transformation increases with 
increasing isothermal temperature, the apparent discrepancy occurs at the last stage of 
transformation for 500 ℃ isothermal temperature. However, this model is, admittedly, too 
simple to simulate the abnormal transformation kinetics, e.g. the kinetics curve of 540 ℃ 
isothermal temperature. 

 
Figure 5. Comparison of experimental and calculated kinetics for isothermal bainite formation in 

the normal transformation temperature range 
 

Conclusions 
 
In the present study, the isothermal bainite transformation of a low carbon multi-microalloyed 
steel was carried out using a dilatometer. The main microstructure changed from lath bainite to 
widmanstätten ferrite with the increase in the isothermal temperature. The dilatation curve 
showed that two distinct kinetic curves can be found in the range of bainite formation 
temperature. One is that the curves show a one-stage transformation feature with the fast 
transformation rate; the other is that the curves present a two-stage transformation behavior. 
According to the general JMA mode, the normal transformation kinetic curves have the same 
Avrami exponent in the whole isothermal process. In contrast, the Avrami exponent changes 
with the holding time for the two-stage kinetic curves and the Avrami exponent abruptly lowers 
to zero at the beginning stage for this abnormal transformation kinetics curve. A physically-
based model is proposed to describe the normal transformation kinetic behavior on the basis of 
the analysis of the nucleation and growth mode as well as the modification of the JMA model. 
The calculation curves are in a good agreement with the experimental curves. 
 

References 
 
1. S.E. Offerman et al., “Grain Nucleation and Growth during Phase Transformation,” Science, 
298 (2002), 1003-1005. 
 
2. A. Van der Ven and L. Delaey, “Models for Precipitate Growth during the γ→α + γ 
Transformation in Fe-C and Fe-C-M alloys,” Progress in Materials Science, 40 (1996), 181-264. 
 
3. J.W. Christian, The Theory of Transformations in Metals and Alloys (Great Britain, GB: 
Pergamon press of Elsevier Science Ltd, 2002) 16-580. 
 

2745



4. K. Nishioka and K. Ichikawa, “Progress in Thermomechanical Control of Steel Plates and 
Their Commercialization,” Science and Technology of Advanced Materials, 13 (2012), 1-21. 
 
5. F. Liu et al., “Analysis of Solid State Phase Transformation Kinetics: Models and Recipes,” 
International Materials Reviews, 52 (2007), 193-212. 
 
6. E.J. Mittemeijer and F. Sommer, “Solid State Phase Transformation Kinetics: Evaluation of 
the Modular Transformation Model,” International Journal of Materials and Research, 102 
(2011), 784-795. 
 
7. D. Quidort and Y.J.M. Brechet, “A Model of Isothermal and Non Isothermal Transformation 
Kinetics of Bainite in 0.5% C Steel,” ISIJ International, 42 (2002), 1010-1017. 
 
8. H. Matsuda and H.K.D.H. Bhadeshia, “Kinetics of the bainite transformation,” Proceeding of 
the Roral Society A, 460 (2004), 1707-1722. 
 
9. F. Fazeli and M. Militzer, “Modelling Simultaneous Formation of Bainitic Ferrite and Carbide 
in TRIP Steels,” ISIJ International, 52 (2012), 650-658. 
 
10. M.J. Santofimia et al., “New Model for the Overall Transformation Kinetics of Bainite. Part 
1: the Model,” Materials Transcations, 47 (2006), 2465-2472. 
 
11. W.T. Reynolds et al., “The Incomplete Transformation Phenomenon in Fe-C-Mo Alloys,” 
Metallurgical Transactions A, 21A (1990), 1433-1463. 
 
12. F. Fazeli and M. Militzer, “Application of Solute Drag Theory to Model Ferrite Formation in 
Multiphase Steels,” Metallurgical and Materials Transactions A, 36A (2005), 1395-1405. 
 
13. E. Kozeschnik and E. Gamsjager, “High-Speed Quenching Dilatometer Investigation of the 
Austenite-to-Ferrite Transformation in a Low to Ultralow Carbon Steel,” Metallurgical and 
Materials Transactions A, 37A (2006), 1791-1797. 
 
14. Z.Q. Liu et al., “Direct measurement of carbon enrichment during austenite to ferrite 
transformation in hypoeutectoid Fe-2Mn-C alloys,” Acta Materialia, 2013, 
http://dx.doi.org/10.1016/j.actamat.2013.02.003. 
 
15 M. Hillert, “Diffusion in growth of bainite,” Metallurgical and Materials Transactions A, 
1994, 25A: 1957-1966. 

2746


