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DYFUZJA W NANOSKALI
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Mass transport on nanoscale has specific features because of the presence of high number of
grain- and interphase boundaries, as well as because of the fundamental problers related to the
very short diffusion distances. In the first part examples on the changes (as the micro-metre scale is
reduced to nanometre dimensions) of the overall mass transport due to the boundary effects are
exposed. Then examples of processes, in which the diffusion coefficient depends strongly on the
concentration (non-linearity) and the diffusion distance is typically few nanometres, will be

discussed.

Opis transportu masy rozpatrywanego w skali nano posiada swoja specyfike ze wzgledu na
znaczng ilo§¢ granic tak migdzyziarnowych jak i miedzyfazowych oraz na istotne problemy
zwiazane z bardzo niewielka droga dyfuzji. W pierwszej czeSci opracowania przedstawiono
przyklady zmian transportu masy zwiazanych z efektami granicznymi (przy przej$ciu od skali
mikro do nano). Nastepnie dyskutowane sa przykiady proceséw, w ktérych wspétczynnik dyfuzji

silnie zalezy od stezenia i gdy typowa droga dyfuzji wynosi kilka nanometréw.

1. Introduction

Grain boundaries (GB) are, generally, diffusion short circuits. Consequently, the major
part of material transport will occur by GB diffusion in nanomaterials where a large amount
of atoms can lie on grain or interphase boundaries (50% as well as 20% for grain size equal
to 5 nm and 10 nm, respectively). As we will see one of the interesting questions is related to
the classical classification [1,2] into the well-known type A, B and C regimes of GB
diffusion. This classification fails in nanomaterials, even if it contains only one type of short
circuits with one diffusion coefficient only 3], because the B regime can not be realized and
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a variety of the possible sub-regimes can be treated ((C-C, B-B, AB-B, A-B sub-regimes as
compared to the classical division for A, B and C regimes) and investigated experimentally
[4,5]. Similarly segregation effects can also be different form the well-known microcrystal-
line case [3,6].

Diffusion in nanostructures presents challenging features even if the role of structural
defects (dislocations, phase- or grain-boundaries) can be neglected. This can be the case for
diffusion in amorphous materials or in epitaxial, highly ideal thin films or multilayers where
diffusion along short circuits can be ignored and “only” fundamental difficulties, related to
nanoscale effects, raise. For example the continuum approach can not be automatically
applied [3,6].

In this paper, based on the research experience of our group, most of the above
challenging phenomena will be exposed and/or discussed in more details.

2. Role of structural defects (grain- and interphase-boundary effects)

If the role of structural defects (dislocations, phase- or grain-boundaries) is important,
a set of interesting phenomena can be observed even if the nanomaterial contains only one
type of short circuits with one diffusion coefficient only [3]. It is well known from the
classical treatments (e.g. [1,2]) that there are three different GB diffusion regimes: type A,
Band C. For grain sizes, d, in the order of 10 nmthe A or C regimes will be more important
and the B regime — in contrast to micro-crystalline samples where it is the most frequently
realized case — can not be observed. It can be seen from the condition for type B regime [1,2]
(1008< L=(D1)"?<d/20, where & (=0.5nm) is the GB thickness and ¢ is the time of
diffusion), that if =10 nm this condition can not be fulfilled. Thus, according to the
conditions for the type A and B regimes (L » d for A and 20 L < é for C) —depending on z -,
either A or Cregimes will be observed. In type A regime — according to classical handbooks
on diffusion [7] — a significant enhancement of intermixing or solid state reactions is
observed, with an effective interdiffusion coefficient given by the Hart’s equation [1,7]:

D= gDg+ (1-g)D (1)

where g is the grain-boundary volume fraction (g=&/d; the factor of proportionality depends
on the grain shape, but is in the order of unity). If d=10 nm, then only the first term will be
dominant, since usually Dg/D>10*. Very recently Belova and Murch [8] have shown that
that for the estimation of this effective diffusivity the generally accepted Hart equation
should be replaced by the Maxwell equation (known from the random resistor network
problem) on nanoscale (in order to avoid an overestimation by about 50%):

D,y = Dy[(3 - 2g)D + 2gD,1/{gD + (3 - §)Dp)}. @)

It was also found from Monte Carlo simulations that the usual condition for type A regime is
too stringent and the transition occurs already at L=0.2d.



221

Accordingly, in A regime a high effective diffusion coefficient will characterize the rate
in any technically important interdiffusion or solid state reaction process (e.g. in surface
alloying). On the other hand in many cases the process will take part dominantly along
grain- or phase boundaries (type C regime) leading to phenomena such as degradation of
multilayers by grain-boundary grooving, pinhole formation and coarsening [9,10], or solid
state phase transformations in thin films.

Additionally, if there is a multi- level organization in the structure (at least two different
types of boundaries are present: e.g. closed free surfaces and GBs in vacuum condensed
nanomaterials), then the above clear classification falls even in microcrystalline materials
(see. e.g.[1,4,5]). For example the measurements in type B regimes can not be simply
interpreted by one straight line on the Igl (I is the specific activity) versus y*° plots, but
— because of the presence of different type of GBs with different diffusion coefficients
— a non-linear penetration plot is usually observed [11,12]. The most recent and more
precise treatment of the problem can be found in [4,5] where intermediate regimes between
the A, B and C type diffusion regimes were defined due to the presence of grain- and
interagglomerate boundaries in nanocrystalline y-FeNi [4,13].

It is also an interesting question: Whether the GB diffusion coefficients measured in
these alloys are identical to those obtained in microcrystalline state (e.g. from diffusion
experiments made in type B regime) or nor? There is an increasing number of experimental
evidences that the above diffusion coefficients agree very well with each other, i.e. in most
of the cases the structure of GBs in nanocrystalline and polycrystalline samples is very
similar, provided that the grain-boundary structure is already relaxed [3].

In hetero-diffusion experiments segregation effects describing the matching conditions
between the diffusion source and the GB (as well as between the GB and the free surface, if
there is a terminal free surface present in the experiment) should also be taken into account
(5,8,14,15,16]. Usually the segregation kinetics is also a process during which the
redistribution takes place along distances of few nanometers. Besides of these kinetic
effects, there is also a size effect manifested in changes of the character of the segregation
isotherm itself. This is the consequence of the finite size of the sample: either the surface
perturbed regions can overlap and thus an increase in the solubility limit can be observed
[6], and/or the number of sites at interface can be higher than the number of solutes in the
sample and a change form the Fowler-Guggenheim- to a McLean-type [6] (or even to the
Henry-type) isotherm [17,18] can be observed.

At short diffusion distances in interdiffusion, leading to formation of reaction products,
the usual parabolic law of diffusion can be violated, if the role of reactions at the interface is
taken into account. At short diffusion times the growth of the reaction layer will be
controlled not by a parabolic, but by a linear law according to the formula [7]:

x* + Ax = Bt, ?3)
where x is the thickness of the reaction layer, A and B are proportional to the reaction rate

and interdiffusion coefficients, respectively. The same effect can be observed in many bulk
or surface coarsening processes (Ostwald ripening of ensembles of nano-clusters or beaded
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films on a surface, if their characteristic distance is large enough to produce a diffusion
interacting ensemble but shorter than the characteristic length, defined above).

It is also well-know, that the nucleation of a new phase always needs a certain critical
size, d., which is typically in the nanometer range. If, for example, in a solid state diffusion
reaction the width of the diffusion zone, L, is less than d, the given phase cannot form [19].
In case of more than one diffusion product this can lead to different interesting observations
in the first stages of the heat-treatments.

Sometimes ~ e.g. in diffusion in MBE (Molecular Beam Epitaxy) grown thin films or
multilayers — the diffusion distances can be shorter than the typical distance between the
sources and sinks of diffusion vehicles. While in “normal” diffusion the equilibrium
concentration of such defects are set by the sources or sinks (and the characteristic distance,
I, between them is much shorter than the macroscopic diffusion length, L), if L<! the
mechanism of diffusion can change, similarly as it was already observed, on more
macroscopic scale, for diffusion in dislocation free Si single crystals [20].

Bokstein and his co-workers [5,21,22] illustrated that the mechanical stress field (both
the stress gradient and its hydrostatic component) can have a considerable influence on the
GB diffusion in thin films. The effect of the stress gradient and the effect of the hydrostatic
component can be separated as “gradient effect’ and “mobility effect”. In [21] the authors
argue that the mechanical stress can reach as high values as 1 GPa and the small film
thickness can lead to large gradients as well. Furthermore at low temperatures the stress
relaxation can be hindered and the hydrostatic component of the stress field can also
enhance or supress the grain boundary diffusion (across the exponential dependence of the
mobility on the pressure). At the moment there is lack of equivocal evidences for
explanations of the existing order of magnitude differences of the grain boundary diffusion
coefficients measured e.g. in thin films on different substrates (and thus being in different
stress states), although the above explanation offers a plausible solution.

3. Fundamental difficulties

For diffusion in amorphous materials or in ideal bi- or multilayers, where diffusion
along short circuits can be ignored, “only” fundamental difficulties, related to nanoscale
effects, raise. The most important difference, compared to diffusion along long distances
(orders of magnitude longer than the atomic spacing, a), is that the continuum approach can
not be automatically applied and there is a gradient energy correction to the driving force for
diffusion. This correction becomes important again if large changes in the concentration
take place along distances comparable with a, and results in an additional term in the atomic
flux, proportional to the third derivative of the concentration. It was shown recently in our
group [3,6,9,23-30], that these effects can lead to unusual phenomena especially if there is
a strong non-linearity in the problem i.e. if the diffusion coefficient has a strong
concentration dependence.
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3.1. Basic equations

For exchange mechanism in a binary AB alloy (consisting of a slab of material with
N lattice planes, normal to the y axis and each atom in a plane has z, nearest neighbours in
this plane as well as z* in planes adjacent to this), with the coordination number Z=z, + 2z,
the change in relative concentration of B in plane i is given by (see e.g. [6])
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Fig. 1. Concentaration distributions at different times in Mo-V system (m’ = 7.3) [23] at T = 1053 K
and for A = 6 nm

dc;/dt = Zlei(L-ci-) G-y = (L-c)cia Loy + ¢i(A-cisy) Fivr— € (1 ~c)Ii.). 4)
where e.g. I'; ;. gives the exchange frequency of a B atom in layer i with an A atom in layer
i+1. Assuming an Arrhenius—type temperature dependence of the jump frequencies
(I3;.' =vexp[-E;; . /kT, with the attempt frequency v), an appropriate choice of the
activation energies E;;,, can be such [3,6,24,31] that

Einw=EF-o+¢& and E.\,=E -a-¢g, (%)
where E” is the saddle point energy and a; and ¢&; are functions of c;., ¢;, ¢;+, and ¢; [3,6]:
a; = [z,(Cit + Civy + Ci F Civd) + 25(¢i + €)W Van = Vis)/2 (6)

and

& = [2,(Ccit + Civ1 = € = Civ2) + (i — i )]V. Q)
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