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ABSTRACT: A mathematical model for the evaluation of compositionally constrained thermodynamic equilibrium 
has recently been implemented into the computer program MatCalc. This model is applied to the cal- 
culation of para-equilibrium phase diagrams for some ternary model iron alloy systems Fe-X-C, with 
X = Mn, Ni, Cr and MO. The results are compared to the corresponding full equilibrium (ortho- 
equilibrium) phase diagrams and the impact of each element on the austenite I ferrite I carbide trans- 
formation in steels is analyzed. The para-equilibrium phase diagrams are considerably more simple 
than the potentially complex ortho-equilibrium phase diagrams, showing cementite formation as the 
only stable carbide under para-equilibrium conditions. The driving forces for precipitation of cemen- 
tite and the complex chromium carbides in the Fe-Cr-C system are evaluated as a function of the pre- 
cipitate composition. The evaluation of the driving forces under para-equilibrium conditions predicts 
carbide precipitation behavior that agrees with experimental findings. 

Introduction 

Equilibrium phase diagrams are a basic and useful tool for the metallurgist when analyzing phase transformations in 
multi-phase, multi-component alloys. These diagrams can give an idea of which phase transformations might occur 
when, for instance, quenching an alloy from an austenitization temperature to a certain transformation temperature. 
However, in many multicomponent systems, it is observed that the final full equilibrium state is approached in sev- 
eral consecutive, clearly separable steps. For instance, it is well known that the austenite to ferrite reaction in steels 
can occur by a rapid carbon-diffusion controlled process and a subsequent slow, substitutional-diffusion controlled 
reaction step. Whereas the carbon-controlled reaction approaches the para-equilibrium [l] state and is usually com- 
pleted within seconds or minutes, the sluggish substitutional-diffusion reaction would take months or even years to 
finish. For that reason, full equilibrium (ortho-equilibrium) phase diagrams are sometimes of limited practical value 
for application to phase transformations in interstitial / substitutional alloys and para-equilibrium phase diagrams 
should be utilized instead. 

The aim of the present work is to apply a recently developed model, which is suitable for the evaluation of con- 
strained equilibria, to the evaluation of para-equilibrium phase diagrams for some ternary and higher-order intersti- 
tial I substitutional model systems. After comparing the ortho-equilibrium and para-equilibrium phase diagrams, the 
model is used to calculate the driving force for precipitation of cementite, M&e and M,Cj particles in a 2.8 % Cr 
steel. The necessary thermodynamic information is taken from the SGTE-solution database [2]. 
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The constrained thermodynamic eouilibrium model 

The mathematical formalism of the compositionally constrained equilibrium model is based on the Gibbs free en- 
ergy minimum principle 

G,,, = c f ’ . G:,, = Minimum 

where G,,, is the molar Gibbs free energy of the system, G’, is the molar Gibbs free energy of phase i andf’ is the 
corresponding phase fraction variable. The Gibbs free energy of each phase is expressed in terms of the sublattice 
model proposed by Hillert and Staffansson [3] and is thus a function of temperature r, pressure P, the phase com- 
position variables y and a term contributing to magnetic ordering effects. When minimizing the Gibbs free energy 
of the system (equation 1). the formal constraints of the sublattice model as well as the compositional (para- 
equilibrium) constraints are implemented by the Lagrange multiplier technique. Further details are given in refer- 
ence [4]. 

Ortho-equilibrium and pard-equilibrium phase diagrams 

In order to demonstrate the impact of pard-equilibrium constraints on equilibrium phase diagrams, various ortho- 
equilibrium and metastable para-equilibrium Fe-C-X phase diagrams have been calculated using the previously de- 
scribed compositionally constrained equilibrium model. The symbol X represents the elements Mn, Ni, Cr and MO. 
The results are presented in figures I to 4. Looking at these figures, it is immediately observed that the imposed 
para-equilibrium constraints reduce the ternary systems to simple quasi-binaries. The compositional constraint on 
the Fe to X ratio in all phases, including the carbide precipitates, defines a new compound consisting of Fe and X 
atoms with constant ratio. As the Fe/X ratio is fixed, the para-equilibrium constraints reduce the degrees of freedom 
of the systems by one and, according to the Gibbs phase rule, there can be no three-phase fields in the para- 
equilibrium case. 

It is very interesting to analyze the impact of each of the alloying components on the stable and metastable equilib- 
rium phase diagrams. From figure I, it is observed that para-equilibrium constraints for manganese lower the ferrite 
transformation start temperature (line between regions 1 and 2) by approximately 35 “C. On the other hand, at very 
low carbon contents, the para-equilibrium eutectoid temperature can be significantly higher than the corresponding 
temperature under full equilibrium conditions. It has recently been concluded [5] that, on quenching, this fact al- 
lows for the formation of metastable para-equilibrium cementite that is not stable under full equilibrium conditions. 
Experimental evidence for the existence of paraequilibrium cementite is described in e.g. refs. [6,7] for the temper- 
ing of martensite. Furthermore, at very low carbon content, austenite could transform into 100 percent ferrite ac- 
cording to the para-equilibrium phase diagram, whereas under ortho-equilibrium conditions the system would still 
be in the austenite / ferrite two-phase field. Consequently, austenite could completely dissolve by a rapid reaction 
and subsequently re-precipitate when approaching the full equilibrium state. For a further discussion, the reader is 
referred to reference [5]. 

Nickel is a very effective austenite stabilizer. Like manganese, in ortho-equilibrium, nickel opens a wide austenite / 
ferrite / cementite three-phase field (see figure 2). In para-equilibrium, this region is reduced to a quasi-eutectoid 
temperature at approximately 675 “C. The Fe-Ni-C para-equilibrium phase diagram is nearly identical to the Fe- 
Mn-C para-equilibrium diagram, with only small shifts in the transformation temperatures. 

Chromium is a typical ferrite stabilizer and a strong carbide former. In addition to the cementite phase, three com- 
plex chromium carbides (M&,, M,Cs and MsC2) can occur in the Fe-Cr-C system. The ortho-equilibrium and 
para-equilibrium phase diagrams are shown in figure 3. Due to the existence of the additional carbides, the ortho- 
equilibrium phase diagram is more complex than the previously presented diagrams. However, if para-equilibrium 
constraints are imposed on the simulations, the diagram resembles the para-equilibrium phase diagrams of the other 
ternary systems. Under para-equilibrium transformation conditions, the complex chromium carbides become unsta- 
ble and only the cementite phase can form (meta)stable precipitates. This finding is in accordance with the experi- 
mental experience that the formation of complex carbides involves the long-range diffusion of substitutional alloy- 
ing components and therefore needs longer tempering times [8]. This issue will be discussed in more detail in the 
subsequent section. 

The Fe-MO-C phase diagram (figure 4) is even more complex than the Fe-Cr-C phase diagram. Various carbide 
phases can form under full equilibrium conditions, i.e. MozC, MO& the ‘Ksi-carbide’ and the ‘MC_SHP-carbide’ 
However, similar to the Fe-Cr-C system, the para-equilibrium phase diagram shows only the austenite, ferrite and 
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FIG 1 

Calculated ortho-equilibrium (upper) and para-ezrium (lower) phase diagrams of Fe-C-3 wt% Mn. 
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FIG. 3 
Calculated ortho-equilibrium (upper) and para-equilibrium (lower) phase diagrams of Fe-C-2.8 wt% Cr. 
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u-fraction of chromium in precipitate 

FIG 5 

Calculated chemical driving force for precipitationqfcarbides in of Fe - 0.15 wt% C - 2.8 wt% Cr at 600 “C. 
Square symbols represent the ortho-equilibrium compositions. 
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cementite phase. All complex carbides are unstable under para-equilibrium conditions. Again, this result is in ac- 
cordance with the experimental evidence [9]. 

Chemical driving force for second-phase urecinitation in Fe - 0.15 wt% C - 2.8 wt% Cr 

The precipitation of iron/chromium carbides (cementite, M&, and M,C3) is accompanied by long-range diffusion 
of carbon and chromium atoms. Since the diffusion coefficient of chromium is several orders of magnitude lower 
than the diffusion coefficient of carbon, nucleation and growth of the particles initially occur in the para- 
equilibrium regime. Figure 5 presents the calculated driving forces for precipitation of the three carbides as a func- 
tion of the carbide composition at 600 “C. The u-fraction variable printed on the X-axis denotes the fraction of 
chromium on the substitutional sublattice only. The chemical driving force AC, of phase i is calculated with 

AC, = c X;fiu, - G:” 
!. 

where XL’ is the mole fraction of component k, ,u; is the chemical potential and G;“’ is the molar Gibbs free energy of 
the carbide. 

Figure 5 demonstrates that, at low chromium content in the precipitates, cementite has the highest driving force. 
With increasing chromium content, the complex M7Cs has the highest driving force. Again, this result is in accor- 
dance with the experimental evidence [lo] that in quenched and tempered martensite the first precipitate to occur is 
usually the cementite whereas the complex M7C3 and M& precipitate only after prolonged annealing. 

Conclusion 

The calculated para-equilibrium phase diagrams correctly reflect the effects of Mn, Ni, Cr and MO on the austenite / 
ferrite / carbide phase transformation. The predicted phase constitution after the rapid carbon-diffusion controlled 
austenite decomposition reaction is in general agreement with the experimentally observed metastable microstruc- 
ture of similar steels. The computed chemical driving forces for precipitation support the observed precipitation se- 
quence in tempered martensite. 
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