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Abstract

Enhanced atomic migration was an early observation from experimental studies into
nanocrystalline solids. This contribution presents an overview of the available diffusion
data for simple metals and ionic materials in nanocrystalline form. It will be shown that
enhanced diffusion can be interpreted in terms of atomic transport along the interfaces,
which are comparable to grain boundaries in coarse-grained analogues. However, the
method of sample preparation is seen to play a major role in the experiments and there
are still many gaps in understanding the detailed mechanisms of diffusion in these
systems.
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1. Introduction

Nanomaterials are systems that contain particles with one dimension in the nanometre
regime. Currently there is intense interest from biologists, chemists, physicists and
engineers in the application of these
materials, so-called nanotechnology, 100

which is sometimes referred to as " \ sy
‘the next industrial revolution’ [1]. 5 80 — - 05nm|
The reason for the interest is the § -\ ]
unusual properties, very often with £ e0 o \\ ]
useful  applications, that are ‘Z 40 [ N ]
exhibited by these materials when g ~
compared to their bulk counterparts 2= =20} ~ 7
[2-10]. In this article we will focus * t S
on rather simple inorganic solids, °, o oo
mainly metals and ionic solids, with d (nm)

dimensions predominantly less than Fig 1. Percentage of atoms in grain

100 nm. In these systems the origin o ndaries as a function of grain size

of the unusual properties is twofold; assuming boundary widths of 0.5 and 1 nm.
(1) the fact that the dimension of the (after [15])

particles approaches, or becomes
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smaller than, the critical length for certain phenomena (e.g. the de Broglie wavelength for
the electron, the mean free path of excitons, the distance required to form a Frank-Reed
dislocation loop, thickness of the space-charge layer, etc.) and (ii) surface effects
dominate the thermodynamics and energetics of the particles (e.g. crystal structure, surface
morphology, reactivity, etc.). In nanostructured semiconductors it is the first of these,
which leads to special electrical, magnetic and optical properties and the possibility of
quantum dot devices. The second factor can lead to nanocrystals adopting different
morphologies to bulk crystals with different exposed lattice planes leading to an
extraordinary surface chemistry [11-12] and catalytic activity [13,14]. The importance of
surfaces and boundaries in nanocrystalline systems is demonstrated in Fig.1, which shows
the fraction of atoms in these regions as a function of grain size.

As one example of the special properties of nanocrystalline metals and ionic crystals
it is worth considering the simple mechanical properties as these are clearly controlled by
diffusion, the topic of this article. A great deal of research has focused on the mechanical
properties of compacted nanocrystalline materials, as their behaviour is extremely
unusual [16]. Firstly they can exhibit ‘superhardness’ as the individual grains are smaller
than the distance required to form a Frank-Reed
loop, thus the isolated grains are expected to be d (am)
very hard. Normal polycrystalline samples of 0w B 10 5
metals follow the Hall-Petch equation, which s '
can be expressed in the form [16]:- Cu

e
25} i
0B

H, =H, +k,d""”’ (1) \

where H, is the indentation hardness and H, and -
k, are constants. In samples with normal grain &
sizes this is interpreted as the grain boundaries -
acting as obstacles to the motion of dislocations. T
As the grain size moves into the nanometre
regime the slope of the Hall-Petch plot (H, s
versus d’! 2) decreases. At about 20 nm the plot ! # Conhiod o e
either plateaus or reverses slope (referred to as 03 0 Nieman ¢ 3
inverse Hall-Petch behaviour). This s X Fougere 4l
demonstrated in Fig. 2 where collected data for . . Osmeed |
Cu are shown [17]. There is some debate 0 01 02 03 04 05 06
concerning the validity of the inverse Hall-Petch & (™)
behaviour and it may be a feature of the sample
preparation, i.e. gas pores, impurities in the
boundaries, etc. The apparent softening at very
small sizes is seen in samples prepared by inert
gas condensation and compaction but not in films made by electrochemical deposition.
Another general feature of nanocrystalline solids is that they exhibit ‘superplasticity’, the
ability to undergo very large extensions under tensile stress at low temperatures. For
example, it has been reported that electrodeposited nanocrystalline copper exhibits an

Fig. 2. A Hall-Petch plot for
nanocrystalline Cu (after [17]).
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elongation higher than 5000% upon rolling at room temperature [18]. The processes
giving rise to this effect are a combination of grain boundary sliding, grain rotation and
atomic diffusion. A phenomenological equation which describes this behaviour can
written as:-

. pGh (b ( o)
G g

where ¢ is the strain rate, D is the average diffusion coefficient, G is the shear modulus, b
is the Burgers vector, k is the Boltzmann constant, d is the grain size, T is absolute
temperature, p is the grain size exponent, s is the applied stress and n is the stress
exponent. The grain size exponent (p) has a value between 2 and 3, depending upon
whether lattice diffusion or grain-boundary diffusion is the controlling mode of
deformation. Clearly, if we are to gain an understanding of the unusual mechanical
properties we need information on the basic diffusion processes in nanocrystalline solids.

There are many other properties of nanocrystalline materials where diffusion plays a
dominant role. Recent reviews cover diffusion in nanocrystalline metals [9,19] and
ceramics [20]. In addition, a comprehensive review of the mechanical properties of
nanocrystalline materials is available [16]. However, definitive transport experiments are
difficult to perform and for several systems there is debate about the reliability of the
experimental data and a consistent picture of the diffusion mechanisms is still emerging.
The aim here is to present a critical overview of the current state of knowledge of atomic
diffusion in nanocrystalline metals and ionic solids. In order to achieve this aim the article
has been divided into various sections. The first section will briefly describe the
experimental methodology used in the study of nanocrystalline solids. In addition to the
diffusion methods this section will also include sub-sections on the preparation of samples,
the characterisation of size and microstructure. This is particularly important as it is now
quite clear that the microstructure, and hence the properties, of nanocrystalline materials are
very dependent on the preparation technique. The second section will review the
experimental data, considering those available for metals and ionic solids in separate sub-
sections. The final section will simply draw together the information into conclusions on
the mechanisms of diffusion in nanocrystalline solids.

2. Experimental Methodology

2.a Preparation of nanocrystalline samples

A very wide variety of methods have been employed to produce nanocrystalline
samples and only the more commonly used ones will be considered. Inert gas
condensation (IGC) has been extensively used to fabricate metallic and metal-oxide
powders with a well-defined and narrow size distribution [2,21]. The apparatus is shown
in Fig. 3. The metal is evaporated inside an ultrahigh vacuum (UHV) chamber filled with
a low pressure of inert gas, typically helium. Vapours from the hot source migrate into a
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cooler gas by a combination of convective flows and diffusion. The vaporized species
then lose energy via collisions with inert gas molecules. As collisions limit the mean free
path, supersaturation can be achieved above the vapour source, the vapours rapidly
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Fig. 3. Inert-gas condensation facility
for the synthesis of nanocrystalline

nucleate, forming large numbers of clusters that grow via coalescence and agglomeration.
The clusters entrained in the condensing gas are transported by convection to a liquid
nitrogen filled cold finger. The particles are removed from the cold finger by means of a
scraper assembly, are collected via a funnel and transported to an in-situ compaction
device. The amount of material that can be
produced is relatively small and there have |/ baue Koo
been several modifications to increase the | '
yield using sputtering methods [22-25].

Spray pyrolysis is a fairly general A
method of producing nanocrystalline oxides. P
In this case a solution of a chemical C
precursor is dispersed into the gas phase as W\,
aerosol droplets. The droplets are then iiﬁ:‘"‘"
transported to a hot zone where they are
decomposed to form oxide particles. This
method has relatively wide applicability and
has been used to prepare several metal
oxide nanoparticles such as ZnO, ZrO, and B,
Al,O; [26].

Sol-gel procedures have been used for \/
many years to produce oxides and ceramics rron — SR RO
offer control over the structure and -
composition at the molecular level [27,28].
The usual procedure is to subject metal
alkoxides M(OR), to controlled hydrolysi§, narticles (after I21).
replacement of the OR group by OH. This
leads to the formation of a sol, very small colloidal particles, which then condense to form a
gel, an inter-connected network. The gel is then dried and the final product can be either
oxide (as in the case of silicon tetracthyl orthosilicate) or hydroxide (zirconium iso-
propoxide) or a mixed methoxy-
hydroxide (as in the case of 3o n

magnesium methoxide).  Thus the E 22F ])\: Cu
final step in the formation of the oxide 8 oF . %
is calcination at high temperature. @ s \\\m
This step is difficult to control and 8 :;: ‘T‘ngr—'i'—"-‘—' hep
presents two major problems, as ‘; ‘::— %_5{75_“ Nb = bee
exemplified by recent work on ZrO, g2 sf S G gy e
[29]. If the calcining temperature is E ;: C, (araphite)
too low then all of the residual OH oL_1 : ! !
1000 2000 3000 4000 5000

may not be completely removed from
the material. If the calcination
temperature is too high then the

Figure 4. Variation of minimum grain size with
melting temperature (abszissa, in K; after [32]).

Diffusion Fundamentals 2 (2005) 44.1 - 44.22 4



particles will grow and the nanocrystallites will be lost. The surface energy of
nanocrystals is such that relatively moderate temperatures (~400°C in the case of most
oxides) will lead to measurable grain growth over the period of a few minutes [30].

An apparently completely general method of producing all forms of nanocrystals is by
mechanical attrition. This involves taking bulk material and reducing the grain size in a
high-energy ball mill. [31-34]. The final minimum grain size that can be achieved
depends on the melting point of the material, as shown in Fig. 4. The advantages of ball
milling are the fact that almost every material is accessible, that large amounts can be
produced and that the average grain size can easily be varied by choice of the milling
time. In addition, it is possible to produce materials i situ in the ball mill by double
decomposition reactions [35,36]. This method is therefore useful when many different
materials are to be compared. One disadvantage of ball milling is that abrasion of the
milling media may occur. This has to be minimized by choosing appropriate materials
for the milling vial and balls, respectively. A further disadvantage is that the milling can
produce amorphous debris, to the extent that recent work on ball milled Al,O; indicated
that the sample consisted of nanocrystalline grains embedded in amorphous material [37].

2.b Determination of particle size

The determination of the particle size of a material is usually the first step in any
investigation of a nanocrystalline sample. Generally there are three approaches that can
be employed; X-ray powder diffraction, electron microscopy and the measurement of the
surface by BET gas adsorption. A critique of the three methods, exploring the
advantages and disadvantages, has recently been published as a result of a study of TiO,
[38].

X-ray powder diffraction is a technique that can be employed for almost all samples.
Peak broadening as the particle size decreases is a well-known phenomenon [39] and can
be used to determine the particle size, s, via the Scherrer equation, namely:-

. kA
Pcosb

(3)

where £ is a constant (usually taken as 0.9), 4 is the wavelength of the X-ray beam, S is
the full width at half maximum height (FWHM) of a given peak (after removal of the
instrumental broadening) and 8 is the diffracted angle of the peak. Eq. 3 represent the
simplest treatment of peak broadening and it can be extended to include the effect of
strain broadening of the peaks [40]. Clearly, this method will only yield an average
particle size and will not provide information on the dispersion of the size or the extent of
agglomeration of the grains. However, it is possible to gain some insight into the particle
shape by taking data from different diffraction peaks.

Gas adsorption measurements are usually performed with nitrogen or an inert gas
with the sample at —196°C. The surface area, S, is determined using the classical BET
approach [41]. The particle size, sggr, from these measurements is given by [42]:-
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where p is the density. The factor of 6 applies for spherical and cubic particles.

Transmission electron microscopy (TEM) is essentially the ideal method of
determining particle size, however sample preparation can present difficulties. Provided
a sufficiently large number of grains in the sample are observed the size dispersion and
degree of agglomeration can be measured. In addition, electron micrographs will reveal
information on the microstructure of the sample.

The three techniques have their advantages, disadvantages and pitfalls, however the
overall agreement between them is relatively good [38].

2.c Determination of the microstructure

The microstructure is the key to the
properties of nanocrystalline materials. It
was seen earlier that simple geometric
considerations lead to the conclusion that a
large fraction of the atoms in a nanocrystal
are in the surface (see Fig. 1). However,
crucial questions are the nature of the
surface, in terms of the level of atomic
order, and the structure of the interface
between grains. Two extreme possibilities
are shown in Fig. 5. One extreme, shown (a) (b)
schematically in Fig. S5a, is that there is
extensive disorder in an interface that is Fig.5. Two possible.models for the .interface
several atoms in width. In this figure the between nanocrystalline grains; (a) disordered
black circles represent atoms in the grains interface, (b) a ‘normal” grain boundary’.
and the open circles are the atoms in the =
interfaces. In some of the early work on
nanocrystals this was intuitively assumed
to be the case and the interfaces were
referred to as ‘gas-like’ or ‘liquid-like’.
This structure would clearly account for
rapid diffusion in  nanocrystalline
samples. The alternative view, shown in
Fig. 5b, is that the interface is similar to a
grain boundary in normal bulk materials.
In this case the interfaces would exhibit
usual behaviour, although they would be
present in unusually large number.

High resolution TEM can . . .
provide thegmicrostructural details and an Fig. 6. HRTEM !mage Of, a teglon of
example is shown in Fig. 6, a micrograph nanocrystalline palladium containing a number

of nanocrystalline palladium. The of grains (after [43]).
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HRTEM image of the interfacial grain boundaries shows flat facets interspersed with
steps [43]. There is no evidence for highly disordered interfaces and this appeared
consistent with other studies [43]. Similarly, TEM measurements on nanocrystalline
ceria showed that the grains had a high degree of perfection and were separated by sharp,
boundaries [44]. Unfortunately the data from HRTEM studies are relatively sparse and
other structural techniques have had to be used to explore the microstructure, such as
electron diffraction [45], positron annihilation spectroscopy [46] and extended X-ray
absorption fine structure (EXAFS) measurements [47-49].

EXAFS are the oscillations in the X-ray absorption (a plot of absorption coefficient,
I, versus incident photon energy) that occur beyond the absorption edge for the emission
of a core (K or L shell) electron [50-52]. The oscillations arise from the emitted
photoelectron wave being backscattered and interfering with the outgoing wave. If the two
waves are in phase there will be constructive interference, a lower final state energy and a
higher probability for absorption. If the two waves are out of phase then there will be
destructive interference, higher final state energy and a lower probability for absorption.
Thus as the incident photon energy increases so does the energy of the emitted
photoelectron with consequential changes on its wavelength. Since the distance between
the target atom and its neighbours is fixed there will be shifts in and out of phase and hence
the observation of the EXAFS oscillations. The intensity of the oscillations depends on the
number and type of neighbours giving rise to the backscattering and an EXAFS Debye-
Waller factor (an uncertainty in the distance between target and scattering atoms). EXAFS
does not rely on long-range order and is sensitive to the local environment of the target
atom out to 5 A. The Fourier transform of the EXAFS yields a partial radial distribution
function in real space with peak areas proportional to average coordination numbers and the
Debye-Waller factors.

For a nanocrystalline sample the 30
EXAFS signal could be attenuated for two
reasons; (i) the particle is so small that the
average coordination numbers for the
neighbouring shells is reduced or (ii) there is
sufficient disorder in the sample (e.g. at the
interfaces) that the Debye-Waller factors are
increased. At first sight it would appear that
EXAFS has little to offer as a microstructural
probe, however for (i) to be operative the
particle size has to be very small, typically
less than 5 nm. Thus in principle EXAFS 0
can probe disorder in the interfaces of
nanocrystals. However, the results have been
very confusing and the subject of much
argument. ~ The EXAFS data for ZrO,  Fig 7. Fourier transform of the
represent a typical example. There have been  EXAFS spectra for ZrO,. Solid line is
several EXAFS studies of this system, which {1k material. Dashed line is for ball-
claim evidence for disordered interfaces in  pjjled material with a grain size of 15
nanocrystalline samples, i.e. an attenuation of ) (after [56]).

Zr-Zr

Zr-O
20

F.T. magnitude/a.u.
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Radial distance/A
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the EXAFS for the Zr-Zr correlation [53,54]. However, similar measurements on carefully
prepared films, with particle sizes down to 6 nm found the EXAFS was indistinguishable
from the bulk [29,49,55] and great care has to be taken to ensure all hydroxyl species are
removed from the sample. In contrast, the EXAFS of ball-milled ZrO,, with a grain size of
15 nm (too large to show any reduction of the average coordination number) shows a
marked reduction of the Zr-Zr correlation [56], as shown in Fig. 7. This was interpreted as
the presence of amorphous material in the ball-milled sample, analogous to the study of
ball-milled ALO; [37]. Similar effects were observed in the EXAFS of other ball-milled
oxides, for example LiNbO; [57]. In general, the EXAFS of sol-gel prepared
nanocrystalline oxides (ZrO,, SnO,, CeO,, ZnO) show no evidence of excessive disorder
[49].

EXAFS studies of nanocrystalline metals have also been controversial [58]. However,
again sample preparation has been shown to be important. The EXAFS studies of 13 nm
grain size Cu, for a sample that had not been machined, showed a spectrum that was not
attenuated and close to that for bulk Cu [58]. This provided evidence for interfaces that
were similar to normal grain boundaries.

2.d Measurement of atomic transport

A very wide range of techniques can be used to probe atomic transport. An elegant
survey of the methods can be found in the work of Heitjans [20,59,60]. A useful division is
into macroscopic techniques, which measure the effect of long-range motion of atoms, and
microscopic techniques, which measure jump frequencies of atoms. In principle the two are
inter-connected by the Einstein-Smoluchowski equation:-

1la
D=—— 5
. (5)

c
where D is the diffusion coefficient, ¢ is the length of a jump and 7, is the motional
correlation time (the time between diffusive jumps). The ranges of D and 7, accessible to
the various techniques are summarised schematically in Fig. 8. The diffusion coefficient is
expected to show Arrhenius behaviour:-

D=D, exp(;{—g) (6)

where D, is the pre-exponential factor, Q is the activation energy and k is the Boltzmann
constant.

Tracer diffusion is the classical macroscopic technique [60]. In these
experiments an isotopic tracer of the atom under study is diffused into the sample for a
known time at a fixed temperature. Sections are then removed from the sample, the
sections analysed for the tracer concentration, the penetration profile determined and D
determined from the boundary conditions [61]. For penetration depths larger than 1 pym
classical radiotracer techniques can be used, which implies mechanical sectioning of the
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specimen and subsequent 25 20 e 10 D [m
measurement of radioactivity of L L

the sections. By contrast, SIMS

(secondary ion mass spectrometry)
profiling is  applicable for
penetration depths smaller than 1 _ne Conductivity AC
um. The surface of the specimen is '
bombarded with a beam of

Tracer Diffusion

FG-NMR
'_ -

macroscopic

Mechanical Relaxation

primary ions, which results in a " NMR Relaxation -
. . . (=%

continuous atomisation of the 2 , B-NMR L

sample. The sputtered secondary g QENS _

ions can then be detected in a mass
spectrometer. An advantage of the —

tracer technique is that since the Solid VA Liquid
profile is determined it is often N E N B B
possible to separate out different 10’ 10 107 0" 1)
diffusion process (e.g. bulk, grain
boundary, surface diffusion, etc.)

. ) Fig. 8. Typical ranges of the diffusivity D and
provided they have sufficiently  , tional correlation time z. of some macroscopic
different diffusivities. and microscopic methods, respectively, for

Nuclear magnetic resonance  g,dqying diffusion in solids. FG-NMR: field
(NMR) = spectroscopy offers a  oradient NMR, A-NMR: p-radiation-detected
range of methods for studying \g QENS: quasi-elastic neutron scattering,
diffusion in the solid state [62,63].  \js. Mgssbauer spectroscopy. The hatched bar
If the diffusion is sﬁﬁmgrﬁly fast  indicates the transition from the solid to the
in the solid (D>10"" m's™) then  yi54id where the motional correlation time is

field gradient NMR rpethods can  reduced by about two orders of magnitude (from
be employed. In this case, the [20]).

nuclear spin is essentially used as
a label (like a tracer), to follow the
motion of the atoms over many jump distances. The diffusion coefficient can be
determined directly from the measurement without the need to resort to a theoretical
model. Thus this is a macroscopic method.

A very wide range of diffusivity is accessible to NMR relaxation measurements.
The diffusive motions of the nuclei can affect the relaxation times of the nuclear spins,
following a perturbance of the spin system by the application of a magnetic field. In
simple terms, the moving spins will create oscillating magnetic fields that will interact
with the spin system. Thus the NMR relaxation times 7 (spin-lattice relaxation time), 7>
(spin-spin relaxation time), 7, (spin-lattice relaxation time in the rotating frame), etc.,
can all provide information on diffusion. However, the time scale of the measurement is
very short, such that the atoms traverse very few atomic distances and NMR relaxation
time is a microscopic method. Except in special cases it is very difficult to obtain
accurate values of D from the measured relaxation times due to complexities in the
theoretical models [63]. However, relative values are precise and accurate values of O
can be evaluated.
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NMR lineshape spectroscopy [20] is another NMR diffusion technique. The
linewidth of the resonance line is inversely proportional to 7, and hence is affected by
diffusion. In a solid the resonance line is very broad, however as the nuclei begin to
diffuse with increasing temperature the line narrows, referred to as motional line
narrowing. Thus the line width is inversely proportional to D and the measurements
provide a simple and direct means of studying diffusion.

Before leaving the NMR techniques it is worth noting that for a number of
particularly important elements they provide a convenient (in some cases the only)
method of studying atomic diffusion. These include 'Li, '’O and '°F, elements where the
radiotracers are non-existent or very short-lived.

For ionic solids the measurement of the ionic conductivity, o, has long provided a
method of studying the atomic diffusion [64-66]. The early studies were restricted to
measurements on single crystals and in this case ¢ and the tracer diffusion coefficient, D"
are related by the Nernst-Einstein equation [64]:-

DT H,o kT 7)

qu
Here H, is the Haven ratio, N is the particle density and q is the charge of the mobile ion.
Eq. 7 assumes that only one of the ions in the crystal is mobile. The Haven ratio is
related to the degree of correlation of the ionic jumps. For jumps involving single point
defects it is accurately known for the

) . Solid
different crystal structures. lonic a) Electrolyte
conductivity measurements, coupled
with other diffusion measurements,

Electrode Electrode
have proved a very powerful method
of identifying diffusion b) Ry Res  Re

measurements. However, the |
requirement of single crystal ! " !
samples was very restricting in terms
of the materials that could be ImZ
investigated. .
Impedance spectroscopy is
the measurement of the complex
impedance over a wide range of a.c.
frequency and is an important tool to
study diffusion in solids [20, 66-70].
The advantage of this technique is
that it can be wused to study
polycrystalline and  compacted
samples and it can deconvolute the
contributions from the different
structural components of the sample
like bulk material or grain

R
Ry RytRy  RptRgtR.

Fig. 9. (a) Polycrystalline solid electrolyte
with contacts, (b) equivalent circuit with
contributions from (the bulk of) the grains,
the grain boundaries and the electrodes and
(c) impedance plot for the case w, >> wg, >>
. (from [20]).
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boundaries. The principle of the technique relies on the fact that an RC circuit can
describe the total impedance of a sample. If the various components, such as the intra-
grain impedance, grain boundary impedance and electrode interface impedance are
sufficiently different they will be separable in a complex impedance plot. An idealised
example is shown in Fig. 9, where the components are connected in series and the
component frequencies differ by two orders of magnitude.

3. Review of the Experimental Information

Before we consider the experimental
data it is worth considering some of the
experimental difficulties. Since the very \ NN Lologed for Wi ond 02 for 0
earliest measurements of atomic diffusion in 1N N 4
solids it has been recognised that surfaces,
dislocations and grain boundaries have higher
diffusivities than in the bulk lattice [71]. In -0
classical serial sectioning tracer experiments Lo
evidence for diffusion along these interfaces | _Angle
can often be seen in the diffusion profile; the
profile exhibits two regions, a portion at short
penetration due to bulk lattice diffusion, Dp, a
portion at deeper penetrations where the
tracer has diffused along these ‘short- .
circuiting paths’. In a polycrystalline sample _EFL%;?IE_:
the dominant fast path for diffusion is the
grain boundaries. Thus it is possible but \
generally with some difficulty, to extract a
contribution from grain boundary diffusion
coefficient, Dy, from the profiles. Typically
Dy, is orders of magnitudes larger than D, as
seen in the data from an extremely thorough
study of NiO [72]. The difficulties arrive in - giffygion in bulk, in dislocation and
dev1s1ng e>.(per1ments that. can determine Dy, in grain boundaries of nickel oxide
separating it from Dp. It is often the case that (after [72]).
what is determined is the product dDy, the
product of the grain boundary diffusion coefficient and J the width of the grain boundary
[71].

There are other difficulties in attempting to use the classical tracer approach to
measure diffusion in nanocrystalline solids. An attempt to show the complexities of the
system is shown in Fig. 11. In addition to the lattice and grain boundary diffusion there
is also the possibility of diffusion in the interfaces between the potentially wider
interfaces between the agglomerates of nanocrystals, shown with a width of J, and
diffusion coefficient D,. To some extent this is still a simplification of a real system. For
example, there could be gas-filled pores and voids between the grains if the sample has
been prepared by compaction. There are two further potential experimental

Ti*C)

NN .
- i in High Angle
rain Boundaorws]

]

\
FoA

L
3

-

1ogy (0%7cm? 4-1)

in
Diglocations

| L L L L L L
3 " 2 n

Fig. 10. Nickel and oxygen self-
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complications. Firstly, there could Tracer Layer

be segregation of impurities into the 1

boundaries, which could block or I—”—“—“—I
enhance the diffusion of the tracer. ffa DDI:“:‘
Secondly, during the experiment DDDD

LIL]

LI

there can be growth and movement |:| |:|
of the grain boundaries during the —I'd:”:”:“:' Dl:l
LI

LI

[]

experiment, which would affect the
diffusion profile. i |:||:| DD
The effect on the microstructure ¢ E:”:l |:| |:|
of the preparation method used to |:||:| |:|
form the sample has already been
outlined in Section 2. This could DQ_E”E_ED Ell:
clearly affect the results of diffusion 3
experiments and must be borne in
mind when discussing the data. In
addition, it is important to note the
specific features of the experimental
technique that is used to monitor the
atomic transport in nanocrystals, as
it will affect the interpretation of the

Fig. 11. A schematic model for tracer
diffusion in a compacted nanocrystalline
sample. Dp is the bulk lattice diffusion
coefficient, D, 1is the grain boundary
diffusion coefficient, D, is the inter-
agglomerate diffusion coefficient, d is the

data. grain size, 6 is the width of the grain
boundary and 84 is the separation between
agglomerates.

3.a Metals and alloys

A status report on diffusion in nanocrystalline metals and alloys has recently been
published [73]. Fast diffusion has long been recognised as a feature of nanocrystalline
samples [2-10]. Very early measurements of the self-diffusion in nanocrystalline Cu with
a grain size of about 8 nm (produced by means of inert gas condensation and
consolidation) [74] showed that the activation energy for diffusion is 0.64 eV,
comparable to that for surface diffusion, being only 1/3 of the lattice diffusion. The
diffusivities were found to be about 16 orders of magnitude larger than the lattice values.
A comparison of the diffusion of hydrogen in a consolidated nanocrystalline Pd (with an
average grain size of 5 nm) with that in a Pd single crystal in a large range of H
concentration [75], it was found that the diffusion coefficient in the nanocrystalline Pd is
several times of the lattice diffusivity at higher H concentrations.

In general, the enhanced diffusion in nanocrystalline metals and alloys can be
attributed to diffusion along the grain boundaries, although the nature of sample
preparation must always be borne in mind. A case in point is the diffusion of *Fe in
nanocrystalline Fe prepared by compaction of IGC material [76]. The samples were 91-
96% theoretical density and the grain size was 19-38 nm. The data are shown in Fig. 12.
The self-diffusion coefficients are similar to or slightly higher than the values estimated for
the conventional GB diffusion by extrapolating high temperature diffusion data to lower
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temperatures. A time-dependent decrease
of the apparent self-diffusivities was
observed that was probably due to
structural relaxation of the interfaces and to
interface migration effects.

There is no intrinsic reason for
the grain boundaries in nanocrystalline
materials to be different from those in
bulk samples, and the experimental
evidence outlined in Section 2c supports
this  view. However, as discussed
earlier, diffusion along the boundaries
between agglomerates could lead to very
fast diffusion. In a very elegant study of
the Fe, Ni and Ag diffusion in Fe —
40wt%Ni alloy prepared by ball milling
with the average grain size of about 30
nm it was possible to separate out the
diffusion between the agglomerates [80].
The diffusivities along the grain
boundaries and along the inter-
agglomerate paths are shown in Fig. 13.
The diffusivity of the inter-agglomerate
boundaries exceeds that of
nanocrystalline grain boundaries by
several orders of magnitude and the
relevant activation enthalpy (Q, = 91
kJ/mol) was substantially smaller than
the activation enthalpy of nano-GB
diffusion (Qg = 126 kJ/mol). The
absolute diffusivities D, and D, , obey
the relationship D, >> Dy, in the whole
temperature interval of the investigation.
The activation enthalpy for inter-
agglomerate diffusion was similar to
that for surface diffusion.

Finally it is worth noting that a
study of diffusion in Cr in a
nanocrystalline film of Fe produced by
surface mechanical attrition (SMAT)
showed that the diffusivity of Cr was 7—
9 orders of magnitude higher than that in
bulk Fe and 4-5 orders of magnitude
higher than that in the grain boundaries
of a-Fe [83]. The activation energy for
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Cr diffusion in the Fe nanophase was comparable to that of the grain boundary diffusion,
but the pre-exponential factor is much higher. The enhanced diffusivity of Cr may
originate from a large volume fraction of non-equilibrium grain boundaries and a
considerable amount of triple junctions in the sample produced by the SMAT technique.

3.b Ionic solids

Diffusion and ionic conduction in nanocrystalline ceramics has recently been
reviewed [20]. The interest in these materials dates back to the observation that
compacting a ‘normal’ ionic crystal with fine particles of an insulating oxide, e.g. Lil and
AlLOs3, gives rise to a much-enhanced ionic conductivity [84]. In these systems, referred
to as ‘dispersed ionic conductors’ the origin of the high conductivity has been assigned to
conduction along the interfaces between the ionic and insulating solids. The effect has
been quantitatively interpreted in terms of heterogeneous doping and the effect of the
space-charge layer [85-88]. For a normal, pure MX ionic crystal the concentrations
component defects of the defect pair (e.g. cation and anion vacancies in the case of
Schottky disorder) in the bulk will be equal due to the constraint of electrical neutrality,
even though the formation energies may differ. In the surface of an ionic crystal the
constraint is not present and the relative defect concentration, ¢, can differ from unity.
This effect, referred to in the early literature as the Frenkel-Lehovec space charge layer
[64], decays away in moving from the surface to the bulk and can be treated by classical
Debye-Hiickel theory [85-88]. This leads to a Debye screening length, Lp, given by:-

1

cek )? CF
L,=|—+% 8
D (qucb] () T

d> 4L,

o+

"
TN
FHE+

AN

Here ¢, and ¢, are the permittivities Be : % d<aL,

of free-space and the sample, & % I+ *

respectively, Cj, is the concentration 2 €, .

of the bulk majority carrier with = g 1 I od<<dl,

charge ¢g. For a solid with ¢ ~ 10 % © T Z-

and C, ~ 102 m™ and 7~ 600 K, 5 5 3

this leads to a Debye length of ~ 50 Normalised distance coordinate ~—

nm and a space charge width of

approximately two times that value.

Thus the effective boundary width Flg 14. Defect pI‘OﬁlCS in structures with
contributing to enhanced  dimension, d. The bulk defect concentration is
conductivity may be many times not reached when d<<4L , where Lp is the
greater than the boundary core  Debye length (after [85]).

width. The qualitative effect on ¢,

as the grain size decreases is shown schematically in Fig. 14. Clearly, this increased
defect concentration will translate into enhanced diffusion.
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The focus here will be on the
effect of particle size on conductivity
rather than dispersed ionic conductors,
for which details can be found in [19].
Although there have been a number of
studies in many cases the results are far
from conclusive. A straightforward
result was obtained for the study of the
conductivity of nanocrystalline CaF,
prepared by IGC and with a particle
size of 9 nm [89,90]. As seen in Fig.
15 the conductivity is enhanced and
data fit well to a space -charge
enhancement  model. Analogous
experimental results were also obtained
by NMR studies on CaF, prepared by
IGC [62,91] as well as on BaF,
prepared by ball milling [92]. Similarly
the very elegant study of alternating
nanocrystalline films of CaF, and BaF,
produced by molecular beam epitaxy
provided good proof of the space
charge model, as shown in Fig. 16; the
conductivity increased as the thickness
of the layers decreased [93]. Less
clear-cut are results for LiNbO; [94-
98]. The results for ball-milled
samples with a grain size of 23 nm
showed a very enhanced motion for Li
jons from the 'Li NMR signal and
conductivities ~ were  comparable,
although somewhat lower than in the
amorphous material [96,97]. However,
EXAFS studies of ball-milled LiNbO;
indicated that it contained some 50%
amorphous  material and  that
conductivity and NMR measurements
for similar sized sol-gel samples were
similar, although slightly higher, than
bulk material [98].

A number of oxides exhibit fast
oxygen ion conductivity and have
applications as membranes in solid
oxide fuel cells (SOFC) [99] and
oxygen permeation membranes [100].
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Thus it is not surprising that there has been interest in nanocrystalline samples where
there is potential for increased conductivity and the potential for lower temperature
operation of the membrane. Thus there have been a number of studies of nanocrystalline
zirconia as a common SOFC
membrane is cubic stabilized ZrO,.
Pure, bulk ZrO, adopts a monoclinic
structure at normal temperatures,
transforming at high temperature to a
tetragonal and then cubic phase. The
addition of aliovalent dopants, such
as yttrium (YSZ) or calcium (CSZ)
at low concentrations stabilize the
tetragonal phase and at higher
concentrations (>8% for yttrium) the
cubic phase. Large cubic stabilized
crystals can be grown for diffusion r
studies. In addition to stabilizing the 102
cubic phase the dopants are 3
compensated by oxygen ion F
vacancies and the conductivity is - -

D

1018 interface

D [m?s]

D

crystal

increased.  Sol-gel prepared pure 1024 l - 1
ZrO, can be cubic or tetragonal 0.6 08 1.0 1.2 1.4
dependent on the grain size, usually 1/ T [1/1000 K]

tetragonal for grains >5 nm. 'O
tracer diffusion studies have been
made on nanocrystalline samples

Fig. 17. Oxygen diffusion at interfaces and in
the crystals of undoped, nanocrystalline ZrO,.
prepared by magnetron sputtering of Bulk diffusion in CSZ and YSZ are also shown.

the metals and subsequent oxidation (after [101]).

followed by compaction [101-103]. The particle sizes were 80-100 nm and the pure ZrO,
was in the monoclinic phase. The experiments on pure ZrO, showed an interface
diffusion coefficient some 3-4 orders of magnitude greater than in the crystallites, the
latter having a slightly higher activation energy. The data for pure nanocrystalline
material are shown in Fig. 17. The diffusion coefficients are lower than for CSZ and
YSZ crystals, however it must be remembered that the latter materials are heavily doped.
The '*O diffusion in nanocrystalline ZrO, doped with 6.9% Y,0; also showed an
interfacial contribution that was more than three orders of magnitude greater than within
the grains.

The available conductivity data for nanocrystalline ZrO, is perplexing. Firstly,
conductivity studies of bulk ZrO, show that the grain boundary conductivity is 2 to 3
orders of magnitude less than the bulk conductivity [104-108]. This has been attributed
to the segregation of impurities, notably silicon, into the grain boundaries to form
blocking siliceous phases. The fact that decreasing the grain size led to a rapid increase
in the grain boundary conductivity at sizes below 1000 nm provides some support for this
model [109]; as the total grain boundary volume increases there is insufficient impurity to
block the grains. However, it is worth noting that a contribution to grain boundary
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blocking has also been proposed due to oxygen vacancy depletion in the grain boundary
space charge layer [110]. Nanocrystalline ZrO, doped 2-3% Y,0; with a grain size of 35
and 50 nm was prepared by IGC and the bulk and grain boundary conductivities were
similar to those for normal ceramic samples [111]. A similar lack of conductivity
enhancement was found in nanocrystalline YSZ with a grain size of 90 nm [112]. An
exception to these results was the studies of nanocrystalline films on sapphire substrates
prepared by a polymer precursor route [113]. In this case there was a clear size
dependence of the conductivity and at a grain size of 15 nm the conductivity
enhancement over bulk material was about two orders of magnitude. It has been pointed
out [114] that these unusual results may be due to an interaction with the substrate or the
effects of humidity. However, a high conductivity has recently been observed in
nanocrystalline YSZ films prepared by laser ablation on a MgO substrate [115] and was
ascribed to an interfacial effect. Clearly the diffusion and conductivity data are
incompatible, hence more work is required to resolve this problem.

Ceria, CeO,, also has the cubic fluorite structure and is an excellent oxygen ion
conductor when doped with a rare earth cation, usually Gd**. The conductivity of highly
dense pure CeO, with a grain size of 10 nm showed an increase when compared to large
grain samples [44]. However, the conductivity of the nanocrystalline sample showed a
very strong dependence on oxygen partial pressure, indicating electronic conductivity.
The increase in the electronic contribution was a factor of ~ 10* at atmospheric pressure
suggesting a change in stoichiometry and loss of oxygen to form CeO,. Similar large
enhancements of the electronic conductivity were observed in nanocrystalline rare-earth
doped ceria [116]. Detailed studies of the effect of the grain size on the complex
conductivity behaviour of both pure and doped CeO, have led to a successful modelling
of the results in terms of a space-charge model [117-119]. Titania, TiO,, is also a mixed
ionic-electronic conductor and studies of 35 nm nanocrystalline anatase phase material
indicated an increase in the ionic conductivity [120-122]. However, there is debate about
the nature of the point defects in TiO, and the nature of the major charge carrier, hence
the observed enhancement awaits explanation.

4. Conclusions

This contribution was aimed at providing an overview of the field rather than a
comprehensive accumulation of the available data. The focus has been on the
experimental work and it has not been possible to include work on computer simulations,
which is making important contributions to the modelling of grain boundary structures
[123] and plastic deformation [124]. Similarly the more complex situation of
nanocrystalline composites has not been covered here. At this stage of the development
of the field some conclusions can be deduced:-

e  The method of sample preparation plays a key role in determining the atomic

transport.

e In well-compacted nanocrystalline metal samples the commonly observed

enhanced diffusion can be assigned to diffusion along grain boundaries.

e There is reliable evidence for enhanced diffusion in simple ionic solids that can

be attributed to space-charge layer effects at the interfaces between grains.
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e The evidence for enhanced diffusion in nanocrystalline oxides is clear from
tracer diffusion experiments, however the conductivity data for these systems is
still controversial. Some of these materials are mixed conductors and changing
the grain size changes the conduction mechanism.

There is clearly scope for more experimental work in this area and important
problems to resolve. The role of sample preparation has now been resolved for many
systems and this should help in avoiding some of the complications found in early work.
For the particular case of ionic materials there appears to be a need for more studies of
diffusion rather than conductivity. In this respect, a greater role could be played by NMR
methods with the use of '®O offering possibilities to shed more light on the problems
found in nanocrystalline oxides.
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