
Overall Transformation Kinetics
A. JMAK Equation
The commonly used approach to evaluating the overall transformation kinetics is based upon the Johnson Mehl Avarmi Kolmogorov (JMAK) equation. This analysis is popular since the input data of fraction transformed as a function of time during isothermal annealing is readily obtained from a variety of measurements such as calorimetry, electrical resistivity or other properties that are related to the amount of reaction without the need for extensive microstructural observations. However, the ease of application comes at a cost since the analysis provides only limited insight on the transformation mechanism. To provide a perspective on the analysis we consider the derivation of the JMAK equation.
	For stochastic (i.e. random) nucleation at a rate, J the number of nuclei after a time dt in a volume, V is JVdt. Each nucleus grows in an interval (t2 – t1) with a radius G(t2 – t1) where G is a constant isotropic growth rate. The volume of product phase, β (called the extended volume Ve) is


	Integrating between t1 = 0 and t2 = t yields



This expression is accurate for short time where the product phase regions are isolated. With increasing time the extended volume increases by dVe and the true volume increases by dVβ. However, due to overlap part of dVβ is in untransformed (V-Vβ) regions and is real while the rest is in the already transformed part and is unreal. Due to random nucleation the fraction of dVe that is real is equal to the volume fraction (V-Vβ)/V of the untransformed part. Thus, 


With the volume fraction transformed given by X= Vβ/V, we have


Or in the usual form






As an aside, since the reaction rate is dX/dt, the maximum rate can be obtained from d2X/dt2=0 which corresponds to a time


To find the value of X at the maximum rate we calculate X at tmax


For other model conditions for the nucleation and growth the JMAK equation can be represented in a general form as



The data are usually analyzed by plotting  vs. logt where the slope is n. A compilation of n values for various possible idealized mechanisms is attached. In practice the experimental n values usually do not match exactly with the idealized models. Often, the k parameter is treated as an Arrhenius function to obtain an activation energy, but this has limited meaning since the resultant activation energy is some function of the values for growth and nucleation (recall that the nucleation barrier is a function of temperature).
Overall, the JMAK analysis is a convenient method to represent transformation kinetics data, but in actual practice the results do not yield clear insight on the transformation mechanism.
B. Kissinger Equation
As part of an initial evaluation of crystallization it is useful to subject a sample to a continuous heating to identify the reactions at different temperatures. The Kissinger equation is used to analyze the shift in reaction temperature with changing heating rate. For a first order reaction the reaction rate is expressed by

 
Where (1-X) is the fraction of reactant remaining and k(T) is a temperature dependent rate constant that is given usually by an Arrhenius function so that



With A is frequency prefactor and R is the gas constant. The temperature for the maximum rate is given by



Where β is the constant heating rate. Simplification yields



Solving for 


And finally


This is the Kissinger equation. For crystallization reactions where nucleation is completed before the maximum exothermic peak, the activation energy, E mainly represents the growth process.
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