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Amateur’s discussion continued. Part 2. About illegal use of Fick's second law in its current form to mass transport in solids.


ZNAMENSKY Yu.P. *)

E-mail: Yu-Znamensky@rambler.ru
	*) The author considers himself sufficiently qualified in diffusion. He deals with issues related to this area of ​​science, more than 30 years, but his subjects (the study of mass transfer in ion-exchange materials) until relatively recently, did not intersect with the theoretical description of mass transfer in metals. Therefore, when with forced contact with the task of mass transport in metals, he was very surprised by the fact that  literature on this subject looks like one-sided. On the one hand - there are lots of discussions about swapping mechanisms of metal atoms (author counted as many as eight arrangements) on how to describe the mass transfer processes, including the use of very detailed parabolic differential equations. On the other hand - the complete absence of bringing these solutions to the end, that is, the numerical calculations and construction of the corresponding graphs at least in the elementary coordinates "time - the degree of completion of the process." And in fact researchers are trying to simplify all these complex equations to the analytical solutions, which clearly leads to a distorted view of the results obtained.
Therefore, I decided that I need to express my view on the problem of the adequacy of the description of diffusion processes in metals using Fick's laws and, in some cases to give my vision of the problem.
After writing the first article in the Internet author received several comments with reference to the fact that, at first glance, contradict the point of view of the author. 
However, upon closer inspection, it turned out that they do not conflict, but also confirm the general direction of the author's conclusions.
The author intends to publish his view on this and related issues of diffusion in the Internet in English, because the article in Russian researchers do not read at all. 
This view will include several articles about the current state of the mathematical description of mass transfer processes (at the level that was  reached by the author himself) and analysis of the solutions obtained. By the way, the first article is also available in English in [1]. The author apologizes in advance for rough translation, because it was done with the help of Google-translator. So – here is next article.




In the first paper [1] the cause of stability and major myth of the twentieth century - Kirkendall effect were considered. The topic of discussion of the second article will be the old myth of the twentieth century - the widespread belief that the second Fick's law can be applied to the description of mass transfer processes in solids. This myth arises from the beginning of the 30s of the last century, from the time when Dushman and Langmuir, in 1922, developed the so-called STRW-theory, and Hevesy – his relatively convenient experimental method to test this theory.
Since then it was obtained a great deal of experimental evidence of the correctness of the theory of Langmuir-Dushman. And since this theory (in the opinion of the Langmuir - purely empirical) coincides in form with what Fick offered, then opinion established firmly that experiments on mass transfer in metals  confirm the validity of Fick's law. Let’s note that for metals we are talking exclusively about the second law. The fact that this view is now even not subject to any doubt, you should, for example, see inthe most compact analysis of this issue - in Wikipedia, which, judging by the fairly frequent updates, is subject to numerous analyzes and more new readers [2].
        We show, however, that this unshakable confidence in the validity of the application of Fick's second law to mass transport in the bodies of any state of aggregation is built on shaky foundations. To do this, go back far enough - to 1855.
We will not consider in detail the studies carried out before the invention of Fick's laws. We will mention only that all the studies before it were focused on the diffusion of gases and liquids. Naturally, Fick (not mentioning it) interpreted all his laws as being applicable only to gases and liquids (thought at that time  the diffusion on solids could not arise). Apparently at this hidden axiom, apparently for the first time Mehrer have pointed in the print edition  [3], although the author of this article also sufficiently long time had this opinion. At least, in his doctoral thesis [4], he developed a "two-zonnic model of the ion exchanger", which allowed to adapt Fick's second law after some modifications to describe the features of mass transfer in ion-exchange materials.
Indeed, the first evidence that diffusion can proceed also in solids, was received only 41 years after the discovery of the Fick’s laws by Roberts-Austen, a known metallurgist, a researcher of  the phase composition of steels, in his honor one of such phases - austenite (cited in [ 5]). He was the first to prove that the diffusion in solids is real. A little later, he conducted research on quantitative diffusion of metals in a number of alloys, which were both in the liquid and in the solid state. The latter fact is very important for us. His first experiment was to study the diffusion of gold in the solid lead, the experimental results were published in 1896. Note that the use of Au-Pb was serendipitous, as precious metals rapidly diffuse into the low-melting metals.
Furthermore, Roberts-Austen first studied diffusion of gold, silver and lead in the liquid rhodium, gold, silver and lead in the liquid tin, bismuth, gold. This work was so thorough that the results differed very little different from the results obtained with using radioactive isotopes (Fig. 1).
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Fig. 1. The dependence of the effective diffusion coefficients of atoms of gold in  solid lead on the temperature of the experiment according to Roberts-Austen (black dots) and comparison with the present data (solid line). Data are taken from [3].

          In reference to these studies generally the fact is not in focus on the fact that during these experiments Roberts-Austen used very dilute solutions of the studied metals (gold, silver and rhodium in the lead in the mother body, gold, silver and lead in liquid tin, gold bismuth). That is, he actually studied the diffusion of micro-component in the alien body, and, as shown in [1], these data are well described with  unmodified Fick's second law. These studies were the first argument to the treasury of the opinion that the Fick equation (namely, the second Fick's law) can be applied to mass transport in solids.
Before proceeding to further study of the problem, let’s give the basic definitions of typical diffusion coefficients mentioned in research (Fig. 2).
 It goes without saying that these definitions are applied to homogeneous (not mixed) substances, i.e. substances or liquids, in which the mass transfer mechanisms are not strongly distorted (for example, zeolites, some plastics and other).

Self-diffusion coefficient is the coefficient of diffusion of matter in a medium of the same nature as the mother body. An example of it is the radioactive isotope in diffusion in a medium of the same composition, but comprising a non-radioactive isotope (or a mixture of isotopes).
The diffusion coefficient of micro-components  is the diffusion coefficient of a substance in the ultra low concentration in a medium consisting of a substance of different chemical nature.
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Fig. 2. The relationship between the diffusion coefficients of different types: 1 - diffusion coefficient of the micro-component; 2 - self-diffusion coefficient, 3 – inter-diffusion coefficient. 


In these two cases, the composition of the medium in which the diffusion of micro-substances does not change (as in the first case) or changes very little (in the second case), which allows to describe the situation with very simple differential equations with constant diffusion coefficient.
However, we must remember that the diffusion coefficient is minor component in the study of the same object in different experiments, in which  researchers can not appreciably coincide with each other because of the strong influence of impurities as well as simply because of the different concentrations of the studied micro-component (this fact has been pointed out in [1], and it must be taken seriously).
          There is such a thing as an individual diffusion coefficient, which is defined as the self-diffusion coefficient of a particular substance in a mixture of two mutually diffusing substances. Possible connection of inter-diffusion coefficient and individual diffusion coefficients is discussed in another article. However, no specific experimental studies on the individual coefficients depending on the composition of the substance has been found by the author.
By the way, (Fig. 2) self-diffusion coefficient is higher than the diffusion coefficient of a micro component, but this location is absolutely conditional - the main thing that is very different values, not interconnected.
           Note that these definitions are applied specifically to non-stationary diffusion, i.e. the processes described by Fick's second law. But as a result of experiments on the diffusion, we obtain only some of the "integral" values ​​that give meaning and diffusion coefficients that describe the whole process.
        These are called the effective diffusion coefficient, which is measured from the slope of the graphs obtained from the experimental data on diffusion, built in the so-called "functional coordinates." If you wish to familiarize youselfwith the theory of processes and methods for calculating the effective diffusion coefficient from experimental data, the author sends you to his book [5], where these issues are sufficiently described.
In theory the results of these experiments can be attracted only formally, although in some cases, when confounding factors are relatively small, these results are quite decent. (See, for example, the Boltzmann-Matano method or Sauer-Frejze method). Furthermore, the values ​​obtained can be used in engineering calculations, or in the manufacture of other process equipment.
Theoretically, we can design any diffusion problems, with any initial and boundary conditions. But their experimental verification can be carried out only if we can realize these conditions in practice. The practice is that we carried out the experiments only with two specified conditions.
        The first method consists of the following checks. On the sample surface with a thin (or not quite thin, but still disparate in thickness to the thickness of the sample) tramp metal layer having any sensitive sensor properties. The sample was layered, heated for some time, resulting in the substance penetrates into the sample, being distributed thereon in the manner shown in Fig. 3.
If we consider the length of penetrate of the plane is much smaller than the thickness of the plane, the plane is considered infinite thickness. Then the solution is very simple and can be expressed by the following equation:
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The second type of experiments - solid metal contact with the liquid metal, which is in a constant state of agitation (eg, processes, galvanizing, tinning, aluminizing). However, in this case, the diffusion process should be described terms of mixed-diffusion kinetics (see, eg, [6]), but under certain assumptions  the external component can be neglected or in some way the extent of its influence
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Fig. 3. The nature of the distribution of trace substances on the layer of the sample over time.
taken into account. It is obvious that in these cases, proponents of the use of Fick's second law (unmodified) draw the following fronts (Fig. 4). Since the outer side of the solid sample is in contact all the time with all the new portions of the liquid metal, then for the solution of the corresponding diffusion problem, we can assume that the concentration of escaping from the surface of the metal material is equal to zero and boundary conditions remain constant.
The second way to check is obviously more in line with real-world problems, it should adequately describe the differential equations (not easy), so it should be of particular interest for theorists, although the number of systems under study in this case (for metals) is too little. However, although these data are few, but they do exist.
            In [1] an example of the form of the diffusion front in the interaction of liquid zinc with an iron sample has been considered. As is evident from consideration, the shape of the front in this case is fundamentally different from that predicted by Fick's second law (see Fig. 4). In the case of the classical front its front part is flat, gradually increasing as you move to the middle curve, in the case of zinc diffusion front edge is very steep, gradually turning into a shallow part.
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          Fig. 4. Forms of diffusion fronts for diffusion on plane (according to [5]) using the unmodified Fick's second law.


             Some may say that this is an exception, and transport processes in solids mainly obey equations of classical Fick's second law. However, they are not. Simply experiments that were worked to study the mutual diffusion of dissimilar metals, and published in the literature, is relatively small, and this information still need to find. But this is the first example [7]. This article discusses the problem of obtaining waveguides based on glass fibers. In order to get the waveguide, it is necessary that the central portion of the fiber had a lower refractive index than the outer portion, wherein the transition from the smaller to the larger refractive index should be as strong as possible, at a smaller distance. Let's look at some form of Fick's second law (standard or modified) theory, we can obtain a fiber.
            Fig. 5 shows the shape of the sorption fronts with the assumption of standard description Fick's second law and its modified version. It is evident that the left variant clearly is not conducive to obtain an optical fiber. As a result, the idea of ​​getting fiber optics must be unreal. However, we come to different conclusion when considering the same process on the basis of the modified Fick's second law. In this case, the introduction of contrast sorption front (from the viewpoint of the refractive index) of the atom is steep, so in the neighborhood as to obtain two separate areas appear with completely different refractive index values. And this is precisely the basis for the development of fiber optics.
          But let's not stop here. Let's try to find other systems form fronts that can only be explained only using a modified Fick's law. And one of such system was published in the Internet.
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Fig. 5. Expected forms of fronts expected changes of the refractive index with the assumption that the standard Fick's second law (left) and its modified version.


But first, we find differences in the behavior of systems that do not obey the modified Fick's law and that do obey it. Fig. 6 shows (in the coordinates, where x - coordinate of the sample thickness) forms of diffusion fronts for standard and modified Fick's second law (in the latter case this is practically irreversible sorption). It is evident that the differences have to be very significant. Now try to find a similar system in the Internet.
 Such systems were of doping semiconductors. The main requirements to the quality of semiconductors (according to the author-amateur) is a uniform distribution of the element in the implementation of a very thin layer of the parent body, and this principle is not achieved if the diffusion obeys Fick's second law (it can be clearly seen from Fig. 6).
          In this respect, a great help to the author, the layman was [8] found in the Internet. There is information, as they say, "for all occasions" - a system that is subject to (seemingly) the classical Fick's second law of diffusion, and the system that absolutely did not obey it, and systems that are yet to be understood.
          Fig. 7 shows an exemplary process of zinc diffusion into GaAs at 6000C in experiment for 5, 20 and 80 min. It is seen that these data can be explained using only the author’s representations, i.e. with a modified formulation of Fick's second law.
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Fig. 6. Forms of sorption fronts for systems described by: 1, 2 - standard Fick's law for two times the experiments, 3, 4 - for systems that do not obey this law (in the most strict form).
But let’s not stop at finding the newest areas of technology. Let’s recall that such processes such as nitriding, carbonitriding, and some others were aimed for the creation of very thin solid metal layer on the surface. At the same time, as it seems to the author (maybe wrongly, I think), the authors of these methods were not interested in the connection of these processes with Fick's law.
In conclusion, we can say the following. The mechanism of mass transfer is determined, above all, as the power of the diffusing substance interaction with the parent's body. If this interaction is large, then it has a steep front edge, which goes further in a shallow part. If this interaction is comparable to the interaction between the atoms of the parent body, in this case the deviation of diffusion fronts from those of the classical Fick's second law in shape can be small, and can be neglected. Such things often happens, as it follows from the use of the Matano -Boltzmann method, the calculation of diffusion coefficient versus the variety of factors for the various systems.
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          Fig. 7. Predeposition of diffusion of zinc into GaAs at 6000C for 5, 20 and 80 min [8].
        The author (as you have seen, an amateur in a variety of systems, where he studied diffusion) still believes that changes made to the treatment of Fick's second law must have an impact on the methodology of the study of the formation of solid minerals in the Earth's crust. The fact is that in a "constrained" diffusion, as "independently" diffusing substances of different nature account the presence on its borders with neighbors somewhat different diffusion characteristics must be take into account, and conditions of formation of ore bodies to be determined is the ratio of these diffusion characteristics (Fig. 8). Further, the author's imagination  is exhausted, and he pauses till the next article.
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Рис. 8. Differences in behavior of diffusion fronts when using classical Fick’s second law (lower picture) and it’s modified version (upper picture).
References 
1. Znamensky Yu.P. Amateur’s reasoning about one of the myths of the twentieth century. 1. Kirkendall effect. /http://scipeople.ru/publication/120112  

2. Wikipedia. Fick’ laws of diffusion –Internet 

3.  Mehrer H., Stolwijk A.H.  Heroes and highlights in history of diffusion //Diffusion-fundamentals.org , 2009, v.11, N1, p 1-32

4. Знаменский Ю.П. Связь между параметрами массопереноса  и основными физико-химическими свойствами ионитов: Дис. …докт.хим.н.. М.:МГУ, 1994.-476 с.

5. Any lection on diffusion in solid from Intrnet.
6. Helfferich F.Ionenaustausher/ Band 1//Grundlagen.Structur-Herstellung-Theorie //Verlag Chemie GMBH- Weinheim Bergstr, 1959

7. Experimental study of Cu+ - Na+ exchanged glass waveguides //H.Marquez, d.Salazar, A.Villabos, G.Paez, J.MaRincon / Applied optics, 1995, v. 34,N25, p. 5817-5822

8. Micro fabrication Technology,  lection 9, Internet 

_1488957501.unknown

_1488957596.unknown

_1488963116.unknown

_1463303976.unknown

