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Amateur’s reasoning about one of the myths of the twentieth century. Part 1. Kirkendall effect.
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        The study of diffusion processes in solids and in particular, in metals, is proceeded currently, by a large number of researchers. This topic is directly related to practical problems of obtaining alloys, as well as other products of inorganic and organic nature to the highest specifications (mechanical and chemical stability, long-term preservation of properties at high temperatures and in aggressive environments).
        Diffusion processes in solids go very slowly over time, and with this factor  the main difficulties in experiments are related. The basic method in the study of diffusion of metals, about which in general we shall speak in this article is that the surface of the test sample is applied in amounts of microscopic layer of another material (usually radioactive) desired by the diffusion study, after which the sample was incubated at the elevated temperature, when the rate of the diffusion process satisfies the researcher. By observing the rate of disappearance of radioactivity from the surface and the distribution of the latter in the body of the sample and correlating the results with various theoretical concepts, experts draw conclusions (non-compliance) with them, in the presence of a certain conformity expect some values ​​that give meaning to the diffusion coefficients.
         If we consider the length of penetrating and the plane   are 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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where  
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- the concentration of the tracer in the distance 
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 - the concentration of the substance on the surface in the initial time, 
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 - the diffusion coefficient of the tracer. The diffusion coefficient is determined from the slope of the obtained experimental data, when applied in a coordinate system,  
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          It is experimentally shown that by using this technique (diffusion of trace substances in the substance of the same or of a different nature) the conditions of the equation always are satisfied,  that serves usually to the authors of studies obvious as  an prove that equation (1), which describes mathematically the second Fick's law, is fair also in the case of all the solids as such.
However, this is not so. Mehrer [2] should be considered fair saying that the development of Adolf Fick laws is not meant solids, he believed that in solids diffusion as such is non-existent. Therefore it is necessary to take great caution to the euphoria about the fact that experiments on non-stationary diffusion in solids (in particular metals) are well described by Fick's second law - it could be just a special case, due to the peculiarities of the experiment. We prove this in mathematics, so to speak, check the harmony with algebra.
          A. Fick put the basis of his argument by the fact that the processes of heat and mass transfer in liquids and gases are identical, that is described by the same differential equations. 
          We can agree or almost agree with this conclusion, bearing in mind that the deviations in the fluids of this statement may be only a few percent (Fig. 1 as an example, the upper part of the figure).

On the upper part of the figure the distribution of particle energy is show (for example, the Poisson -Boltzmann distribution for gases). If we consider that the activation energy of diffusion processes in liquids and gases is very small, which means that almost every collision of the particles is accompanied by the energy transfer from the more active species to the less active and by moving of each of them in space (diffusion). So doubt in the correctness of of Fick's conclusion is not necessary.

   Quite different conclusions have to do if we can similarly consider the behavior of particles in the solid. We do not have reliably proven particle distribution function of the energy in the solid state, but it is unlikely to be much different from that in gases and liquids - the main fraction of the particles will have some average values ​​of the kinetic energy, not allowing them to move in space, but only allow oscillations of them around the place of its location, but allowing them to pass through the vibrations of the excess energy from the hotter parts of the body to a less heated.

That is, the proportion of particles having the ability to move in space, will be is extremely small in a solid (this is reflected in the lower part of Figure 1), which causes a slow process of diffusion.

Thus, the Fick’s assertion on the relationship between the processes of heat and mass transfer should be changed to the following: processes of heat and mass transfer are described by the same differential equations, if we consider only particles with elevated (above a certain threshold) energy, allowing them to overcome some energy barrier".

[image: image7.png]s “"‘/J/"

'J'v'_/’) SIS INs
o / /f/'//// i

.zf/////// o

Ay





Figure  1. The nature of the distribution of particle energy (for example, the Poisson-Boltzmann gas) at two temperatures. For solids form curves can be different, but the general character should be executed. Those parts of grafics are shaded  that correspond to particles (atoms or molecules) having sufficient energy to commit an act of mass transfer: a) - for liquids and gases, b) - for solids. The boundaries of conventional are hatch.
We call the particles capable to overcome the energy barrier hot, unlike the other (cold) that do not have this ability.
A consideration of this fact will radically change the scheme of mass transport compared with that currently used (Fig. 2).
On this figure, to the left, the model of mass-transfer proposed by Fick and used now, is presented, and to the right – the one proposed in this publication.
The scheme presented on the left is a typical scheme for describing mass-transfer by classical Fick’s second law. Here two similar, but differently directed flows move to each other with the diffusion of particles. The scheme on the right figure is a little more complicated –equality of only  “hot” particles diffusing in opposite direction is observed, and the  ‘cold’ particles flow puts to be absent.
At the same time, dynamic equilibrium exists between “hot” and “cold” particles, that supports the ‘hot’ particles concentration in conditional “zone of conductivity”.
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Figure  2. Diagram of the process of mass transfer, proposed by Fick and used in the present (left) and that proposed in this paper (right).

          Since in any solid at a certain temperature, as shown in Fig. 1 will be the same (very small) share of energy active particles ("hot"), from energy inactive particles ("cold"), the equation of equilibrium between them has to be written using the following equation:
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and where 
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- the concentration of hot and cold type particles 
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 - the coefficient of proportionality (in the general case, this value is not constant, but depends on a number of factors, including the composition and temperature of the substance, but not on time).
Consider more closely the diffusion equation based on Fick's second law. It is known, as following:
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where the expression on the left  describes the accumulation of particles in a specific type of material, and the expression in parentheses on the right - the concentration gradient of diffusible particles of a particular kind. That is, equation (3) in the case of its application to solids should be rewritten as follows:
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where 
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- the concentration of hot particles in matter. That is the solution of this equation is  more general solution to the problem of mass transfer in the bodies of any state of aggregation.
The principal difference between the scheme proposed by Fick and that outlined in this paper, for people who do not know the basics of higher mathematics can be displayed by next picture (Fig. 3).
[image: image17.png]



Fig. 3. A visual representation of the source of the sciences of mass transfer in gases (1), liquids (2) and solids (3). On the left - on the basis of representations by A.Fick. On the right - representation arising from this article. Number 4 presents the results of research for substances that occupy an intermediate position between liquids and solids - ion-exchange materials [2].
According to modern ideas about the source of the sciences of diffusion in the bodies of different aggregate states, all these sciences are growing from the same root - namely, Fick's second law, which is reflected on the left side of the figure. On the left a researcher is schematically drawn researcher trying to support a falling branch of the science of diffusion in solids, namely, Mr. Darken. On the role of this unique person who managed no one knows  to how to introduce his strange and illogical ideas into the heads of the other researchers, we will talk later.
According to the ideas, published in this article the basis for the development of the sciences of the diffusion of substances in different aggregate states is not a solution of Fick's second law, but some more general solution, from which it follows that the second Fick's law is only the particular case suitable only to mass transport in gases and liquids, that Adolf Fick suggested himself. Therefore, instead of the root and the figure rhizome is drawn, one side of which grow the science of diffusion in gases and liquids (where the proportion of diffusible particles is close to 100%) on the other side - the study of diffusion in solids (where the proportion of diffusible particles is small fraction of a percent of the total number of particles).
The second Fick's law is a special case of a more general solution obtained, that follows from the fact that in liquids and in particularly gases, the proportion of particles in the bottom ("non-diffusion" zone) is very small, and the scheme actually goes into the classical scheme developed in line with the ideas of Fick.
The new solutions of Fick's law can be explained by the fact that all the experimental data on diffusion in metals, as mentioned above, is described just by "classic" Fick's second law. And the explanation for this fact is simple. Special analysis of these experiments showed the following - all research on mass transfer, which are satisfactorily described by Fick's second law, carried out with the use of only two methods - isotope exchange or using radioactive tracers, i. e., using of micro quantities of substances studied. But these studies are consistent forvonly one type of isotherm - Henry isotherm
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 EMBED Equation.3  [image: image20.wmf]. That is, if we substitute (5) into (4), then actually we get the expression (3), with all the ensuing consequences, but instead 
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. In this case, the fact that there is a constant only in the conditions of a particular experiment, do not pay attention to they.
However, when we turn to the study of the diffusion of substances in macroscopic quantities, the existing theory provides significant failures. The first bell that, testified that in this case not all is clear were the Kirkendall’s experiments. He published them in 1947, and this article, on the one hand, caused a great sensation ended by that "Kirkendall effect" was officially recognized, which is still regarded as a kind of phenomenological incident, the explanation of which is problematic; on the other hand (according to the author of this article), the development of the theory in this direction resulted in big speculations, which should also include ideas developed by Darken that somehow have become common without a detailed critical analysis *).
	*) The main reason that forced the author to post this article in the Internet, was the inability to publish these reflections in a number of Russian [3-5] and international [6] magazines. The reason for failure is the same - there is the official version explaining the Kirkendall effect, based on the concepts of Darken and Manning, and the new version is not required by any referees nor the author of monographs on diffusion.



The essence of the Kirkendall’s experiments was as follows. On a plate of brass layer copper was electrolytically deposited and on the surface of the sample of brass prior to applying the copper labels from a thin molybdenum wire  were attached. Then, the samples for several hundreds of hours were heated in a thermostat at high temperature. The front of diffusion of zinc from brass on a layer of copper was investigated, as well as rack the behavior of labels during the experiments. The observed diffusion fronts are shown in Fig. 4.
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Figure 4. Profiles of zinc concentration in the sample of Kirkendall experiments as a function of distance for two experience lengths. Figure taken from [7], only the measure of length is replaced by cm instead of inches.

We see that the front’s character is significantly different from those predicted by the classical theory based on Fick's law (Fig. 5). But the researchers that analyzed the results of Kirkendall’s experiments somehow were not surprised by that, they were surprised by  quite another, namely, the fact that the wire markers, as they expected, were not able to diffuse, began to converge with each other, at a rate approximately proportional to the square root of time, which, as is known, characterizes the diffusion processes. Scheme of wires convergence is shown in Fig. 6.
And instead of thinking if is it legitimate to use all of the classical Fick's law to solids, researchers, convinced of the infallibility of Fick's law, began to speculate why the wires converge with each other.
Implementation by Darken in the fifties gained the largest number of followers without any critical analysis. He replaced the equation, that logically follows from a consideration of equality of flows of particles  moving towards each other with different mobility:
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connecting the interdiffusion coefficient with the diffusion coefficients of components to the following:
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where a single equation specific physical quantities are bound (
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- the diffusion coefficients of micro-components in the alloy of variable composition (I wonder how to find these values) and some thermodynamic function called factor alloy. That is a vague relationship he explained by even more strange relationship. However, Darken did not bother to explain the physical meaning of the last function.
    He then tied velocity by the Kirkendall plane (i.e. in the plane of the sample, where the labels are situated) to the concentration gradient
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 where 
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 -  the concentration gradient in the Kirkendall’s plane, arguing at the same time that the atoms to which side moves Kirkendall’s plane moves, are moving faster than the atoms moving toward them. However, the last statement, is least, controversial, to say the least, because it violates some of the physical principles of the models. In addition, there are other explanations because there are facts that contradict the views of the data, but they are frankly ignored.
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Figure 5. Theoretical (according to Fick's second law solution) form a diffusion front when two solid samples contact, one of which (the left side in this case) is created by neutron irradiation of radioactive atoms, for two values for the time of the experiment.
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Fig. 6. Scheme of creating of samples by Kirkendall during his experiments.
       In the literature, there is also another explanation for the fact that the diffusion front in the experiments of Kirkendall is radically different from those predicted by Fick's second law. Namely, it is stated that the same sharp edges can be obtained by assuming that the effective diffusion coefficient depends on the chemical composition of the medium in which the diffusion occurs, a process that is described by the equation:
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This equation was checked by author at three types of dependence on the effective diffusion coefficient of the diffusing medium: linear, exponential and using equation (6) [2], and it was shown that to explain the experimentally obtained patterns it is impossible by this way.

However, the steep (and, moreover, non-symmetric) diffusion fronts are easily described by solutions based on interpretation of Fick's second law derived above. Consider the case when the particle after the jump diffusion enters the environment with other characteristics (that is, there is a real exchange of two different places on the energy performance of the particles).

There are two possibilities: first, when the particle enters the environment A with higher separation energy of the particles in the matrix, that is, to carry out hopping from one place to another particles need to gain more excess energy than in the native matrix, and the second - when this excess energy required is much less than in the native matrix.

It is obvious that in the first case, the particle trapped in an alien matrix is ​​almost irreversibly adsorbed by it, and the diffusion front is very steep. Conversely, a particle of the substance B with high separation power, getting smaller in a matrix with the necessary energy separation meets competition from the matrix particles and the sorption front is shallower than the first case.

The probability of the first or second type of behavior is determined by the magnitude relations  
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, namely, if this ratio is significantly less than 1, then the particles that jumped to this environment will be substantially irreversibly sorbed by medium and the sorption front will be correspondingly abrupt.

Conversely, if this ratio is much greater than 1, the adsorption front in this case will be much flatter. Respectively, the front desorption of particles moving in the opposite direction will also flatter. Here it is necessary to pay attention to the word "significantly". If the ratio 
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will differ from 1 by not more than one - two orders of magnitude (and this can be observed, for example, in the study of diffusion in the sorbents, in the study of the behavior of inhibitors and stabilizers in organic materials), the asymmetry of the diffusion front may not be noticed. For example, in [8, p. 14] is an example study of diffusion in Fe70Al30 - Fe50Al50, where the difference between the front and rear part of the front is invisible.
These qualitative conclusions are supported by the corresponding numerical calculations made earlier by the author [2], some of them are shown in Fig. 7. If to combine results that  are shown on upper and lower parts of Fig. 7 - bottom to the front part of the front, top - to the rear part (given the fact that the concentration of the diffusing particles, as the process will change), we obtain the graphs shown in Fig. 8.
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Fig. 7. The nature of diffusion fronts in two cases: when the 
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 (lower part). Data are taken from [2].
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Fig. 8. Character of increasing of concentration of substance A in zone of the material B and reduce of  its concentration in  zone of substance A during the process of inter-diffusion of particle of substances A and B.

         But what was described above words, and then presented as a combined graphs, there is namely a full copy of the graphs obtained by Kirkendall at his time [7] (Fig. 4). This means that the problem of "special energetics" [9,10] for the systems studied by Kirkendall and other researchers in their time, is far-fetched, and the explanation lies in the use of "correction" of Fick's law, that is, only on the condition that in this law all the particles will not be taken into account, but only particles that have acquired enough energy to jump ata given time. A markers shift to each other in actual Kirkendall experiments is actually explained due to increased density of brass (or in other cases, other alloy) with decrease of the concentration of one of the components (zinc).
Let’s note one important fact. Diffusion fronts similar to front of Kirkendall’s experiments observed, as already mentioned above, also in other systems - by reacting melting of metal with iron [11,12], in the study of diffusion in the glass [13] and in several other systems. Researchers did not pay enough attention on these features of fronts, believing that these features can be explained by the strong dependence of the diffusion coefficient on the chemical composition of the body in which they diffuse.
Fig. 9 shows the shape of the diffusion front for the model with a constant concentration of the diffusing substance on the surface of the specimen. It is seen that as the process develops fronts are becoming increasingly blurred.
However, in the experiment, it looks quite different. Fig. 10 shows an example of the diffusion of zinc into the iron base. The form of the front is calculated from the composition of the resulting phases. Obviously, this form differs significantly from that predicted by the classical solution of Fick's second law, but is fully consistent with the new ideas presented in this article.
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Fig. 9. Expected shape of the front in an absorbing medium with diffusion from the environment with a constant concentration at the border.
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Fig. 10. The shape of the front, calculated from the zinc content in each of the phases in the zinc coating.

We note another feature of this figure- there is a strong increase in the concentration of zinc on iron border - molten zinc and, consequently, a decrease in the concentration of iron in this phase. The presence of such features in this reaction say that in this case there is mixed diffusion exchange kinetics of the zinc atoms (coming atoms ) on iron atoms (leaving atoms). The presence and the need to consider the external diffusion component is pointed by the fact that, according to the Japanese authors [14-16] (these references are taken from [17]), the dependence of the rate of dissolution of iron from the speed of rotation of the iron in molten zinc sample is described by the formula:
                                           
[image: image44.wmf]v

V

~

7

,

0

                                        (10)
where V- the rate of dissolution of iron sample, v - the speed of its rotation. The exponent in the formula correspondents to with those in other cases and other materials which proved the presence of external diffusional or mixed kinetics [2].
In the Internet, you can find other examples that confirm the validity of the proposed solutions for solids. Note particularly that without this type of diffusion it would be impossible to get a fiber optic glass fibers, but it is this  diffusion front yielded to obtain glass with a high refractive index in a thin layer on the glass surface [15].
In conclusion, we must mention one more aspect of the problem, namely, the problem of dependence of the effective (ie, calculated by means of the models and methods, or - and this is quite acceptable in studies) diffusion coefficients of concentration. Typically, such experiments are carried out using organic materials, in studying the behavior of these stabilizers, antioxidants and similar compounds. For this purpose, edge evaluation of sorption (desorption) by the methods of the Boltzmann-Matano or Sauer-Frejze are used. Without dwelling on the criticism of these methods, I only say that these  methods are the methods of analysis of experimental data, rather than the methods of proving the validity or non-validity of Fick's laws. Methods have a right to exist as methods of analysis of experimental data, and nothing more.
The simplest isotherm, which can be used to describe the monolayer adsorption, Langmuir isotherm is:
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where 
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- the maximum monolayer adsorption, 
[image: image47.wmf]K

P

- constant of adsorption, 
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- vapor pressure over the body (when applied to liquids, the concentration of sorbed substances in solution, 
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It is obvious, however, that in the description of the mass transfer in solids (with the help of the two-zonnic model that was previously used in the derivation of the common  solution of Fick's second law), this isotherm or the like can not be used. According to this model, the sorbed substances diffuse or not diffuse by a special mechanism [2] with a very low speed. But in the body of sorbent material itself (in equilibrium with the adsorbed substances) are substances that are not associated with the sorbent by any significant forces, and they are responsible for mass transfer, because they are limited only by winding paths, which are moving. They are related to the type of substances to be sorbed by the relations (11) and the concentration of these substances with the outside of the rigid body, but with other laws. Therefore, the relationship between being in the sorbent materials and the same substances in solution (melt) must be sought in the form of a function:
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where a - the concentration of adsorbed substances on the surface of the sorbent, c - the concentration of these same substances within the sorbent, which are not held by sorption forces, 
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 - the concentration of the same substances in a solution which is in contact with the sorbent. From an analysis of sorbed substances behavior (their isotherms) follows that with the saturation of the sorbent forces holding these substances decrease, and it is  logical to assume that the concentration (will decrease with decreasing significantly greater than the concentration). Therefore, with a decrease in the concentration of the external solution concentrations of the mass transport of particles will decrease faster than the capacity of the sorbent for these substances, which will reduce the effective diffusion coefficient, because the current capacity of the sorbent is included in all the formulas used to calculate the effective diffusion coefficients. Practice confirms this fact with a huge number of examples.
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