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Abstract: JMAK (Johnson-Mehl-Avrami-Kolmogorov) equation is exponential equation inserted
power-law behavior on the parameter, which is widely utilized to describe relaxation process,
nucleation process, deformation of materials and so on. Theoretically the power exponent is
occasionally associated with geometrical factor of nucleus, which gives integral power exponent.
However, non-integral power exponents occasionally appear and they are sometimes considered as
phenomenological in the experiment. On the other hand, the power exponent decides the distribution
of step-time when the equation is considered as the superposition of step function. This work intends
to extend the interpretation of power exponent by the new method associating Shannon entropy of
distribution of step-time with the method of Lagrange multiplier in which cumulants or moments
obtained from distribution function are preserved. This method intends to decide the distribution
of step-time through power exponent, in which certain statistical values are fixed. The Shannon
entropy introduced the second cumulant gives fractional power exponents that reveal symmetrical
distribution function that can be compared with the experimental results. Various power exponents
in which other statistical value is fixed are discussed with physical interpretation. This work gives
new insight into the JMAK function and the method of Shannon entropy in general.
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1. Introduction

The stretched exponential function is descrinbed as follows,

B

It is widely applied to describe relaxation processes [1-5], kinetics of crystallization [6-9], deformations

f (8K B) = exp ©)

of materials [10,11] so on. The name of stretched exponentials corresponds to the case for § < 1 while
the opposite case of B > 1is called compressed exponential function. The latter case corresponds to
JMAK (Johnson-Mehl-Avrami-Kolmogorov) equation [6-9], and 8 is sometimes called Avrami constant.
In the context of JMAK equation, theoretically it is occasionally associated with geometrical factor
of nucleus. Avrami constant § is originated from the dimensionality in which nucleation occurs D,
which has following relation f = D + 1. The surface nucleation involving effectively two-dimension
gives f = 3, the homogeneous nucleation with three-dimension gives § = 4, which all should result
in integral constant [12]. However, occasionally non-integer, anomalous Avrami constants are found
[13-15]. This anomalousness is explained thorough the heterogeneity of dimensionality of nucleation,
and distribution of pre-existing nuclei, and nucleation rate [16-19]. The limitation to associate JMAK
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model with dimensionality of nucleus is designated [20]. These works suggest that JMAK equations
still demand interpretations.

On the other hand, Equation (1) mathematically corresponds to Weibull distribution in extreme
value theory [21-23]. It is the probability distribution function of which the rate of occurrence of
events varies with time, applied to the particle distribution and failure analysis for engineering. In
this context, the power exponent 8 controls the shape of distribution of event; it is sometimes called
shape parameter [24]. Time-compressed equation corresponds to Weibull distribution of which rate
of occurrence of event increases with time. Hence the power exponents decide the distribution of
occurrence.

It is suggested that theoretical models for Equation (1) involve the spatial-temporal heterogeneity.
Hierarchical constrained model involves the constraints among Ising spins[25], Trap model involves
the traps in the space in which Brownian motion occurs [26]. Evesque demonstrated that two molecules
reaction in fractal geometry gives fractional power exponent for Equation (1) [27].

Based on these reports and facts that § decides the distribution, the new method to estimate
the distribution is proposed, using Shannon entropy [28]. Shannon entropy [29] is utilized for the
probability density function to estimate the average amount of information content of the distribution,
which reflects the statistical homogeneity. Introducing Shannon entropy into the distribution function
obtained from Equation (1), if was found that the Shannon entropy to which first moment is introduced
has supremum at 8 = 1; it corresponds to single exponentials [28]. This result includes the insight on
the relation between stretched exponentials and single exponentials.

This method suggestive on the application of Shannon entropy into the kinetic equations.
Analyzing the method carefully, it consists of the maximum entropy estimation and Lagrange multiplier
with B as a parameter. Maximum entropy method is applied to estimate the optimal distribution
[31-33]. However, this method is different from general maximum entropy estimation [33] on the point
that the fundamental distribution function has already fixed as Equation (1). The time compressed
equation has already based then it estimate the optimal shape of distribution via 8 while the constraint
condition is introduced. This method decides p that gives optimal distribution of step times, which
depends on the given boundary condition.

Herein, this work intends to extend the previous method and attempt to explore the distributions
of Equation (1) in which certain statistical quantities are fixed. Then we attempt to discuss the physical
interpretation for obtained distributions.

2. Method: Maximum Entropy Estimation Method Based on JMAK Equation

The point that it is different from general maximum entropy estimation [33] is that the form of
equation has already fixed on Equation (1), IMAK equation. Thus, here we call this method Maximum
entropy estimation method based on JMAK equation. The method consists of two procedure. First is
introduction of Shannon entropy into the compressed exponential equation Equation (12). Second is
introduction to statistical quantity which corresponds to restricted condition.

At first, the integral equation is assumed as,

(&)

where F (t — T) is step function. Then distribution function D (7) is obtained as follows,

(&)

:/OOOD(T)F(t—T)dT )
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Shannon entropy is defined as,

H(K,B) = / D (1,K, §)In Mdl’ @)
0
where C is the constant for nondimensionalization. Then Shannon entropy of Equation (3) is given as
follows,
1 CK

where 7 is Euler constant. Now H (K, §) is function with two parameters K and f. To introduce the
constraint condition, K is now related with parameter . Certain statistical quantity (¢), which is
obtained using Equation (3) is given as

(C) =@ (K p). (6)

For example, (¢) is first moment when @ (K, B) = [;~ tD (7,K, B) dt. As (¢) is constant, Equation (6)
can be reformalized as

K=K({Z),B)- @)

Now K = K ({), B) is a function with one parameter B. Following Lagrange multiplier method, then
we have

H(K,p) = H[K((S),B), Bl = H(B,(C))- ®)

Equation (8) is Shannon entropy of which statistical quantity () is fixed. In order to get optimal
distribution, supremun of Equation (8) is identified as follows,

H(p",(¢)) = SlgPH (B (8))- ©)

B* gives the optimal distribution in which (¢) is fixed.

3. Result and Discussion

3.1. Constraint Condition of n-th Moment

In the previous work, first moment was introduced to Shannon entropy Equation (5) to find
B* = 1[28]. Here we discuss the case in which other moments (e.g., third moment, n-th moment)
are fixed. Moment gives the information of shape of function. First moment is mean value, second
moment is related with variance and so on.

N-th moment of Equation (3) is given as

(k") = [ToD (rk par = v (5) 10

where I' (x) is Gamma function.
By introducing n-th moment of Equation (3) into Equation (5), we have

H(B, (K") =7 <1— ;) - %mr (;) + (i —1> InB +InC{ K"/ 41 (11)

We can easily estimates * by differentiating above Equation (12) as follows,

o wlre ()G "
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where ¢ (x) is Digamma function. §* of each n-th moments are listed in Table 1. f* increases with n
and they are fractional number except for n = 1 and 3. These results seem trivial but third moment
can be related with volume in the case that t has space dimension. Rosin-Rammler distribution [34],
which corresponds to Equation (1), is applied for particle distributions. Rosin Rammler distribution
has g > 1. These moments can be related with physical quantity through distribution function.

Table 1. Table of each §* in which the entropy is maximized in each #n-th moments.

n B*

1 1

2 1.2994

3 1.5

4 1.6533

5 1.7784
10 2.1981
100 3.8527

1000  5.7403

3.2. Constraint Condition of Second Cumulant: Variance

Now let us see the Shannon entropy to which the variance of Equation (1) is introduced. The

variance of Equation (1) is
r(1+3) —r<1+1>2
p p

Introducing Equation (13) into Equation (5), we have Shannon entropy of which variance is fixed,

()2 (1-2) i i r(1+2) o2

The relation of H and f is described in Figure 1(a). The absolute value of H is relative depending on C.
Continuous Shannon entropy is relative to the coordinate system. Here we're interested in the relative
value of entropy, particularly supremum value. B that gives supremum of H is 3.7673 - - - though H
shows plateau over B ~ 3. Interestingly, § that have large values of entropy seems to be related with
symmetry of distribution as Figure 1(b) shows. The  having lower entropy (e.g., f = 0.5 ~ 1.5) give
asymmetric distribution of T while § having larger values (8 = 3.76 ~ 10) give symmetric distribution.

o? =K? . (13)

+InCVo2 +1. (14)
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Figure 1. (Color online) (a) Dependece of H introduced variance with . (b) Comparison of distribution
of step time for different  vaules (8 = 0.5,1.0,1.5,3.76,10). 0% =100,C = 1.
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The relation between distribution and variance was suggested in the relaxation of shrink of PNIPA
gels [30]. The relaxation process of PNIPA gels involves two-steps shrinking. First shrink undergoes
diffusion process that was described with a single exponential while second shrink can be described
compressed exponential having f = 2 ~ 4.5. These reported p have largest Shannon entropy, which
suggests the correspondence. In the shrinkage of PNIPA gels, each part of gels undergoes the step-like
shrinkage, which corresponds to step-function. However, it is expected that the timing of shrinkage
has variations, which results in symmpetric distribution. This interpretation reinforce that the JMAK
relaxation of PNIPA gels involves the process in which the variance is fixed.

3.3. Constraint Condition of Third Cumulant: Skewness

The third cumulant, skewness reflects the asymmetry of distribution. The thrid cumulant is

obtained as follows,
1.(3\ 3_/(2 1\, 2 (1Y
()t () (5) v 57 (5) | (15)
B \B) B \P B) B \B
By introducing Equation (15) into Shannon entropy Equation (5) in the same way, we can estimate the
Shannon entropy of which skewness is fixed as

1\ 1 1.(3\ 3./(2 1\  2_/1Y
3) _ _ ) _ = 32 i T = - < -
H(p.) = (1) - lﬁr G) -5 (G)r(p)+a (5)
Figure 2(a) is the dependence of Shannon entropy introduced skewness with B. p* has value

around 1.20 and decreases monotonically. The distributions of T having f = 0.5,1.2,3.76 are compared
in Figure 2(b).

+InCV3+1. (16)
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Figure 2. (Color online) (a) Dependence of Shannon entropy of which skewness is fixed with B. (b)
Comparison of distribution of step-times 7 for f = 0.5,1.2,3.76. 3=100,C=1.

B* seemingly gives positive skewed distribution. Negative skew distribution has to be asymmetric
for left side but it is not possible for Equation (3).

4. Conclusions

In this work, the new method to obtain the distribution is attempted using Shannon entropy. The
point that it is different from general maximum entropy estimation [33] is that the form of equation
has already fixed on Equation (1), JMAK equation. The Shannon entropy of JMAK equation was firstly
estimated using distribution function D(7), which is obtained by integral equation of which Kernel
F(t — 1) is step function. Introducing the certain statistical quantity, the Shannon entropy of which the
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the quantity is fixed was estimated. The optimal distributions are obtained by identifying 8*, which is
B that gives supremum of H.

The Shannon entropies introduced n-th moments gives 5* fractional power exponents except for
first and third moments. The Shannon entropy which variance is introduced shows plateau over = 3.
The value of entropy seems to reflect the symmetry of distribution of step times. The power exponents
observed in the shrinking of PNIPA gels have the value around 2 ~ 4.5, which corresponds to the
distribution of largest entropies. Shannon entropy which third cumulant, skewness is introduced has
supremum at f* = 1.20, which gives the positive-skewed distribution.

The Shannon entropies which variance or skewness is introduced are quite interesting as its g*
seems to give the distribution in which its constraint condition, variance and skewness is typically fixed.
There is a interpretation of maximum entropy. Kolmogorov-Sinai theorem [35] says that the partition
obtained by maximum entropy gives smallest subsets of generator. The distribution of T corresponds
to the partition of step-times. If we follow the theorem, these distributions gives the generator in which
each constraint conditions, variance or skewness are fixed. The relation and interpretation based on
the Kolmogorov-Sinai theorem should be pursued for further development.

The method to decide B using Shannon entropy with Lagrange multipliers give the optimal
distribution of which physical quantity is fixed. The phenomnena which are described by JMAK type
equations may involve these constraint conditions.

Funding: This research received no external funding.
Acknowledgments: The author wish to thank prof. K. Osaki and K. Shigeoka for discussion of this research.

Conflicts of Interest: The author declares no conflict of interest.

References

1.  Kohlrausch, R. Theorie des elektrischen Riickstandes in der Leidener Flasche. Ann. Phys. Chem. 1854, 91,
179-214.

2. Williams, G.; Watt, D. C. Non-Symmetrical Dielectric Relaxation Behaviour Arising from a Simple Empirical
Decay Function. Trans. Faraday Soc. 1970, 66, 80-85.

3. Majumber, C. K. Stress relaxation function of glass. Solid. State. Comm. 1971, 9, 1087-1090.

4. Yatabe, Z.; Miyake, Y.; Tachibana, M.; Hashimoto, C.; Pansu, R.; Ushiki, H. Formation process of
shear-induced onion structure made of quaternary system SDS/octanol/water/NaCl. Chem. Phys. Lett.
2008, 456, 31-35.

5. Yatabe, Z.; Hidema, R.; Hashimoto, C.; Pansu, R. B.; Ushiki, H.; Size evolution of onion structure under
oscillatory shear flow. Chem. Phys. Lett. 2009, 475, 101-104.

6. Kolmogorov A. N. On the statistical theory of metal crystallization. In Selected Works of A. N. Kolmogorov
Volume II Probability Theory and Mathematical Statics; Shiryayev A. N.,; Springer-Science+Business Media, B.V.,
1992; pp. 188-192.

7. Avrami, M. Kinetics of Phase Change. I. General Theory. J. Chem. Phys. 1939, 7, 1103-1112.

8. Avrami, M. Kinetics of Phase Change. II. Transformation-Time Relations for Random Distribution of Nuclei.
J. Chem. Phys. 1940, 8, 212-224.

9. Avrami, M. Kinetics of Phase Change. III. Granulation, Phase Change, and Microstructure Kinetics of Phase
Change. J. Chem. Phys. 1941, 9, 177-184.

10. Slonimsky, G. L. On the Laws of Deformation of Real Materials. I. Acta Physicochimica U.R.R.S., 1940, 7,
99-128.

11.  Oka, S.; Okawa, A. The recent studies on the mechanical property of amorphous matters. J. Phys. Soc. Jpn.
1942, 16, 174

12. Lam, R.S.H.; Rogers, M.A. Experimental validation of the modified avrami model for non-isothermal
crystallization conditions. Cryst. Eng. Commun. 2010, 13, 866-875.

13.  Wang, R-Y,; Zou, S.-F; Jiang, B.-Y.; Fan, B.; Hou, M.-F; Zuo, B.; Wang, X.-P.; Xu, ].-T.; Fan, Z.-Q. A generalized
Avrami equation for crystallization kinetics of polymers with concomitant double crystallization processes.
Cryst. Growth Des. 2017, 17, 5908-5917.



The 5th International Electronic Conference on Entropy and Its Applications (ECEA 2019), 18-30 November 2019;

Sciforum Electronic Conference Series, Vol. 5, 2019 7of7

14. Bruna, P; Crespo, D.; Gonzalez-Cinca, R. On the validity of Avrami formalism in primary crystallization. J.
Appl. Phys. 2006, 100, 054907.

15. Meng, Z.; Yang, L.; Geng, W.; Yao, Y.; Wang, X.; Liu, Y. Kinetic study on the isothermal and Nonisothermal
crystallization of monoglyceride organogels. Sci. World J. 2014, 149753.

16. Sun, N. X, Liu, X. D.; Lu, K. An Explanation to the anomalous Avrami Exponent. Scripta Materialia 1996, 34
1201-1207.

17.  Shinha, I.; Mandal, R. K. Avrami exponent under transient and heterogeneous nucleation transformation
conditions. J. Non-Cryst. Solids 2011, 357, 919-925.

18.  Yang, J.; McCoy, B. ]. Distribution kinetics of polymer crystallization and the Avrami equation. J. Chem. Phys.
2005, 122, 064901.

19. Burbelko, A. A. Screening effect during the growth of spheroidal grains vs deviations from
Kolmogorov-Johnson-Mehl-Avrami equation, Archives of Foundry Engineering 2008, 8, 35-40.

20. Price, F. P. Some Comments on the "Avrami" equation. J. Appl. Phys. 1965, 36, 3014-3016.

21.  Weibull, W. A Statistical Distribution Function of Wide Applicability. J. Appl. Mech. 1951, 18, 293-297.

22. Fisher, R.A,; Tippett, L.H.C. Limiting forms of the frequency distribution of the largest and smallest member
of a sample. Proc. Camb. Phil. Soc. 1928, 24, 180-190.

23.  Fréchet, Maurice. (1927), Sur la loi de probabilité de I’écart maximum. Annales de la Société Polonaise de
Mathematique 1927, 6, 93-116.

24. Horst, R. The Weibull Distribution A Handbook. CRC press; USA, 2009; pp. 34.

25. Palmer, R. G,; Stein, D. L.; Abrahams, E.; Anderson, P. W. Models of Hierarchically Constrained Dynamics
for Glassy Relaxation. Phys. Rev. Lett. 1984, 53, 958-961.

26. Phillips, J. C. Stretched exponential relaxation in molecular and electronic glasses. Rep. Prog. Phys. 1996, 59,
1133-1207.

27. Evesque, P. Energy migration in randomly doped crystals : geometrical properties of space and kinetic laws.
J. Physique 1983, 44, 1217-1224.

28. Maruoka, H.; Nishimura, A.; Ushiki, H.; Hatada, K. Stretched exponential relaxation process of onion
structures under various oscillatory shears with analysis using Shannon entropy. Chem. Phys. 2018, 513,
280-286.

29. Shannon, C. E. A Mathematical Theory of Communication. Bell Syst. Tech. |. 1948, 27, 379-423, 623-656.

30. Hashimoto, C.; Panizza, P; Rouch, J.; Ushiki, H. Graphical analysis for gel morphology II. New mathematical
approach for stretched exponential function with g > 1. J. Phys.: Condens. Matter 2005, 17, 6319-6328.

31. Jaynes, E. T. Information Theory and Statistical Mechanics. Phys. Rev. 1957, 106, 620-630.

32. Jaynes, E. T. Information Theory and Statistical Mechanics. II. Phys. Rev. 1957, 108, 171-190.

33.  Arndt, C. Information Measures; Springer-Verlag: Berlin, Germany 2004; pp.433-462.

34. Rosin, P.; Rammler, E. The Laws Governing the Fineness of Powdered Coal. J. Inst. Fuel 1933, 7, 29-36.

35. Arnold, V.L; Avez, A. Ergodic problems of Classical Mechanics; Benjamin: USA 1968; pp 41-42.

@ © 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http:/ /creativecommons.org/licenses/by/4.0/).


http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction
	Method: Maximum Entropy Estimation Method Based on JMAK Equation
	Result and Discussion
	Constraint Condition of n-th Moment
	Constraint Condition of Second Cumulant: Variance
	Constraint Condition of Third Cumulant: Skewness

	Conclusions
	References

