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A MODEL FOR THE FORMATION OF AUSTENITE DURING HEATING IN THE FE-C-MN SYSTEM

We propose a model for predicting the kinetics of cementite dissolution and austenite growth during heating and soaking. It is based on solving the mass balance and the diffusion equations written with gradients of chemical potentials as driving forces. This model is applicable to multicomponent systems and a good agreement between the calculations and experimental data were obtained.

Introduction

In common practice, high strength steels are produced by annealing low alloyed carbon steels in the intercritical temperature range in order to produce a ferrite (a) -austenite (g) mixture. This first step, which represents the dissolution of cementite and the growth of austenite during heating, soaking, has already been studied by several authors [1-5] and plays an important role in optimisation of the mechanical properties of cold rolled TRIP steel. Distinct regimes for the reaustenitisation from ferrite/pearlite structure that depend on pearlite islands size, temperature and alloy composition can be identified. It appears that alloying elements like manganese retard the dissolution of cementite and influence the kinetics of austenite formation for the reason that thermodynamic and kinetics are strongly coupled. For multicomponent alloys, no rigorous attempt at the prediction of tie-lines governing interfacial motion has been made. In this paper, we introduce a model for predicting the kinetics of cementite dissolution and austenite formation during heating and soaking. The developed model take into account : the transformation of pearlite islands into austenite, and the growth of austenite. The regimes where the growth of austenite is controlled by the diffusion of carbon in austenite and by the manganese diffusion in ferrite are simultaneously treated.

Material and experimental procedure

The composition of the steel is given in Table 1.
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Mn 149 1580 Table 1 : Composition of the steel (10 -3 wt%) Cylindrical samples were taken from the skin of hot rolled plates. From a continuous cooling, a classical ferrite pearlite was obtained. This microstructure is given in Figure 1 . The microstructure exhibits a banded structure due to the segregation of manganese. The cementite particles are localised in pearlite islands. The initial pearlite volume fraction is equal to 30%, the ferrite grain size is heterogeneous and the mean size is evaluated to 5 µm. The mean manganese composition in cementite was measured by using TEM replica (X-Ray micro analysis) and the obtained value is 6.7wt% Mn. In order to analyse the formation of austenite, a series of thermal cycles, given in Figure 2 has been performed.

Figure 2 : The considered thermal cycles

The heating rate is constant and equal to 18°C/s, various holding temperatures (750°C,790°C and 820°C) and various holding time were considered. A metallographic study was performed to understand the evolution of the microstructure and to quantify the volume fraction of phases. The samples were water quenched at different stages to avoid ferrite transformation during cooling and we can consider that austenite is totally transformed into martensite. The samplings and the metallographic observations were made at quarter thickness and the analyse procedure consists in different steps : (a) a mechanical polishing down to 1 µm diamond, (b) etching with different chemical etchants to determine the nature of different phases : LePera, Klemm, Nital and Picral, and (c) a standard light microscopy has been used to observe the microstructure. The volume fraction of phases was measured by image analysis (intercept method).

Presentation of the model and main results

At first, we suppose that the initial microstructure is composed by a ferrite/pearlite mixture. The model is divided into two successive parts : 750 °C 790 °C

°C

Vheat=18°C/s l dissolution of cementite and transformation of pearlite into austenite. In this case, we suppose that the nucleation of austenite occurs very rapidly at the interface between cementite and ferrite in pearlite islands, l growth of austenite in the ferritic matrix. Both transformations occur at various space-scales that is why two different sizes of calculation cells are chosen. These situations are illustrated schematically in Figure 3. The growth of austenite and then the dissolution of cementite requires the simultaneous movement of two moving boundaries : the q/g as well as the g/a interfaces. In order to treat the problem, we suppose some classical assumptions : Ø local equilibrium is applied at the q/g and a/g interfaces, Ø the various diffusivity are assumed to be concentration independent, Ø diffusion in cementite is ignored, Ø the flux of carbon in ferrite is neglected, Ø the interfaces are planar.

The geometry is given in Figure 4. The cementite size is determined by the mass balance equation. 

Half distance between cementite lamellae

Determination of the operative tie-lines

The driving force for cementite dissolution and austenite growth is related to the alloy compositions at the q/g and a/g moving interfaces. For a three-component alloy, the local equilibrium conditions at the interfaces correspond to two tie-lines in the Fe-C-X Gibbs isotherm, where X is the substitutional species. Because thermodynamics and kinetics are strongly coupled in this problem, the determination of the "operative" the tie-lines can be arduous. However, it has been established that under some classical assumptions and for low values of the diffusivity ratio (i.e. of the order of 10 -6 ) the two operative tie-lines are in a sense decoupled and become time independent [START_REF] Atkinson | Theory of reaustenitisation from ferrite/cementite mixtures in Fe-C-X steels[END_REF]. However, for values of greater than 10 -3 the motions of the two interfaces are more strongly coupled. In the case of the Fe-C-Mn system, from the diffusivity values of manganese and carbon in austenite as a function of temperature we find that the ratio is lower than 10 -6 (Table 2).

Temperature (K) 1023 1.6Î10 -12 3.5Î10 -19 2.19Î10 -7 1073 3.5Î10 -12 1.7Î10 -19 4.86Î10 -8 1123 7.3Î10 -12 7Î10 -18 9.59Î10 -7 Table 2 : Diffusivities of carbon and manganese as a function of temperature Under this condition, each tie line obeys a simple rule : the growing phase inherits at the interface the Mn composition of the phase into which it is growing.

Driving force of dissolution of cementite

It is important to note that, on account of the strong C-Mn thermodynamic interaction in austenite, the driving force for dissolution of cementite can not be simply defined as a difference of concentration between the two interfaces. Instead, one has to introduce explicitly the differences of chemical potential. In fact, we can show that the driving force of dissolution can be written as : where L g is the austenite size at a given time. This approximation means that, for a given size of austenite, the driving force for cementite dissolution is the difference of carbon chemical potential at the q/g interface and at the g/a interface. If this value is high (depending on the Mn composition in cementite) the kinetics of cementite dissolution will be fast and at contrario if this value is low then the kinetics of cementite dissolution will be slow.

Austenite growth

We have divided the austenite growth in two parts à : à The kinetics of transformation is controlled in the same time by all elements, but in certain conditions, it is more convenient to determine the driving force of transformation with regard to a specific element rather than another element. )
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The austenite growth controlled by carbon diffusion in austenite (Figure 5a) The austenite growth controlled by Mn diffusion in austenite (Figure 5b) The austenite growth controlled by the Mn diffusion in austenite is not treated because it occurs after a very long time.

Figure 3a) Austenite growth by carbon diffusion in austenite

Figure 3b) Austenite growth by Manganese diffusion in ferrite

The activities ac2, aMn1 and aMn2 are determined from the ternary phase diagram. The ac1 activity is calculated at each time by the mass balance equation after determining the interface velocity.

Input data

To run the model, the initial microstructure characteristics before heating are necessary as input data (Table 3).

Input data Unit

Composition of steel wt % Holding temperature K Mn content of cementite wt % Half distance between cementite lamellae M Half distance between austenite bands M Volume fraction of pearlite -Table 3 : Input data for the developed model.

Main results

Figure 4 shows the good agreement between calculations and experimental data from various compositions of steels. The evolution of austenite can be divided into three steps :

-the dissolution of pearlite islands into austenite : this step is very rapid (time lower than 0.03 seconds) since it is controlled by the carbon diffusion due to the low Mn composition in cementite (6.7 wt%), -the growth of austenite controlled by the diffusion of carbon in austenite taking place between 0.03 s up to 40 s is slower, -the growth of austenite controlled by the diffusion of manganese in ferrite. This step is very slow due to a low diffusivity of Mn in ferrite. 

Conclusions

We have developed a model for predicting the kinetics of cementite dissolution and austenite growth during heating and soaking in the Fe-C-Mn system. It is based on solving the mass balance and the diffusion equations written with gradients of chemical potentials as driving forces. We have shown that the operative tie line that controls the kinetics of phase transformation can be obtained by applying a simple rule : the growing phase inherits at the interface the Mn composition of the phase into which it is growing. The model has been compared with experimental data and a good agreement has been achieved. 
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 1 Figure 1 : Ferrite / pearlite microstructure after NITAL etchant.

Figure 3 :

 3 Figure 3 : Schematic representation of the two successive parts of the model. a) Dissolution of cementite and transformation of pearlite into austenite. b) Total transformation of pearlite into austenite. Austenite growth into ferrite.
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 4 Figure 4 : Initial geometry for the cementite dissolution. Austenite nucleates at the q/a interface

Figure 4 :

 4 Figure 4 : Evolution of volume fraction of austenite as a function of time for two different holding temperatures : T=750°C and T=790°C. Comparison between the model and experimental data.
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