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ABSTRACT Nanocrystalline materials, with a grain size of typically <100 nm, are a new class of
materials with properties vastly different from and often superior to those of the conventional coarse-
grained materials. These materials can be synthesized by a number of different techniques and the grain
size, morphology, and composition can be controlled by controlling the process parameters. In com-
parison to the coarse-grained materials, nanocrystalline materials show higher strength and hardness,
enhanced diffusivity, improved ductility/toughness, reduced, density, reduced -elastic modulus, higher
electrical resistivity, increased specific heat, higher coefficient of thermal expansion, lower thermal con-
ductivity, and superior soft and hard magnetic properties. Limited quantities of these materials are
presently produced and marketed in the US, Canada, and elsewhere. Applications for these materials are
being actively explored. The present article discusses the synthesis, structure, thermal stability, properties,

and potential applications of nanocrystalline materials.

INTRODUCTION

Nanocrystalline materials are single- or multi-
phase polycrystalline solids with a grain size of a
few nanometers (1 nm=10"m), typically less than
100 nm. Since the grain sizes are so small, a sig-
nificant volume of their microstructure is com-
posed of interfaces, mainly grain boundaries, i.e.,
a large volume fraction of the atoms in Nano-
crystalline materials resides in the grain boun-
daries. In effect, a nanocrystalline material can be
considered as a composite made up of crystalline
grains and disordered interfaces, and thus the nano-
crystalline materials exhibit properties which are
significantly different, and often improved, over
their conventional coarse-grained polycrystalline
counterparts. This article presents an overview of
the synthesis, properties, and potential applications
of nanocrystalline materials.

The subject of nanocrystalline materials has at-
tracted the attention of materials scientists, phy-
sicists, mechanical engineers, chemical engineers,

and chemists. This has led to both an in-depth and
broad-brush research activity on different aspects
of nanocrystalline materials. A new journal en-
titled “NanoStructured Materials” was launched in
1992 and a number of dedicated conferences were
organized and their proceedings published. The a-
vailable space for this article does not permit a
complete assessment of the whole field of nano-
crystalline materials. For more details, the reader
is referred to a number of recent reviews and conf-
erence proceedings™ and also the references at
the end of this article.

Nanocrystalline phases were detected in samples
of lunar soils. Nanostructures formed chemically
under ambient conditions ¢an also be found in na-
tural biological systems from sea shells to bone
and teeth in the human body. These materials are
notable in that they are simultancously hard,
strong, and tough. Therefore, a number of in-
vestigations have been conducted to mimic nature
(biomimetics) and also artificially synthesize nanos-
tructured materials and study their chemical,
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mechanical, electrical, magnetic, and optical beha-
vior. These investigations have clearly shown that
one could engineer (tailor) the properties of nano-
crystalline materials through control of grain size.

Nanocrystalline materials can be classified into
different categories depending on the number of di-
mensions in which the material has nanometer mo-
dulations, Thus, they can be basically equiaxed in
nature (nanostructure crystallites, 3-D) even thou-
gh filamentary (rod-shaped, 2-D) and lamellar (lay-
ered, 1-D) nanocrystalline materials are also inve-
stigated. The magnitudes of length and width are
much greater than thickness in the layered nano-
crystals, and the length is substantially larger than
width or diameter in filamentary nanocrystals. The
nanophase materials may contain crystalline (nan-
ocrystalline), quasicrystalline (nano-quasicrystalline),
amorphous (nanoglasses), or liquid (microemuls-
ions) phases and can be metals, ceramics, or com-
posites. Additionally, Siegel® considers atom clust-
ers as zero-dimensional. Gleiter” has further clas-
sified these materials according to the composition,
morphology, and distribution of the nanocrysta-
lline component. Amongst the above, maximum
research work is conducted on the synthesis, con-
solidation, and characterization of the 3-D equia-
xed nanocrystals followed by the 1-D layered na-
nostructures.

An important consequence of the small grain
sizes of nanocrystalline materials is that a large
volume fraction of the atoms lies in the grain
boundaries. Although the actual number varies de-
pending on the shape of the grains and the width
of the grain boundary, it is fairly clear that the
fraction of atoms in the boundary increases with a
decrease in the grain size. Thus, the volume frac-
tion of atoms in the grain boundaries can be as
much as 50% for 5 nm grains and decrease to a-
bout 30% for 10 nm grains and 3% for 3 nm
grains. In contrast, in a conventional coarse-grain-
ed material, the volume fraction of grain boundary
atoms jis <10-~~/0. Recently, it has been noted
that instead of only grain boundaries, one should
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consider the total interfacial component consisting
of both grain boundaries and triple junctions or
lines (i.e., intersection lines of three or more grain
boundaries)”. Even then, the volume fraction of a-
toms in the interfacial area does not seem to be
significantly different from the situation where
only grain boundaries arc considered.

SYNTHESIS

Nanocrystalline materjals can be synthesized
either by consolidating small clusters or breaking
down the bulk material into smaller and smaller di-
mensions. They have been synthesized by a wide
range of methods including inert gas condensation,
mechanical alloying, spray conversion processing,
severe plastic deformation, electrodeposition, rapid
solidification from the melt, physical vapor de-
position, chemical vapor processing, co-pre-
cipitation, sol-gel process, sliding wear, spark ero-
sion, plasma processing, auto-ignition, laser ab-
lation, hydrothermal pyrolysis, thermophoretic forc-
ed flux system, quenching the melt under high
pressure, biological templating, and devitrification
of amorphous phases produced by rapid sol-
idification from the melt, mechanical alloying or
other techniques™. Actually, in practice any
method capable of producing very fine grain-sized
materials can be used to synthesize nanocrystalline
materials. Bach of these methods has advantages
and disadvantages and one should choose the ap-
propriate method depending up on the require-
ments. If a phase transformation is involved, e.g.,
liquid to solid or vapor to solid, then steps have to
be taken to increase the nucleation rate and de-
crease the growth rate during formation of the pro-
duct phase. In fact, it is this strategy that is used
during devitrification of metallic glasses to pro-
duce nanocrystalline materials™.

The choice of the method depends up on the a-
bility to control the most important feature of the
nanocrystalline materials, viz., the microstructural

(grain size or layer spacing) features. Other as-
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pects of importance are the chemical composition
and surface chemistry or cleanliness of the in-
terfaces. Extremely clean interfaces can be pro-
duced and retained during processing and sub-
sequent consolidation by conducting the experime-
nts under ultra high vacuum (UHV) conditions;
but, this adds up to the cost of processing. On the
other hand, there are also methods which can be
very inexpensive; but, the purity of the product
may not be high. Inert gas condensation, mechan-
ical alloying, spray conversion processing, elec-
trodeposition, and crystallization of glassy phases
are some of the most used techniques to produce
nanocrystalline materials.

Inert gas condensation is the technique pione-
ered by Gleiter” to produce nanocrystalline ma-
terials. In this method, a metal or a number of me-
tals are evaporated in separate crucibles inside a
UHV chamber filled with helium gas. As a result
of interatomic collisions with the helium atoms in
the chamber, the evaporated metal atoms lose their
kinetic energy and condense in the form of small
crystals of loose powder which accumulate, be-
cause of convective flow, on a vertical liquid ni-
trogen-filled cold finger. The powder is stripped
off the cold finger and directly fed into a com-
paction unit located below the vacuum chamber.
The whole process is done under UHV conditions
and so the powder is extremely clean. Oxidation,
carburization, or nitridation of the powders can be
catried out in-situ to produce oxides, carbides, or
nitrides, respectively, Further, it is easy to control
the grain size and composition by controlling the
process parameters. This process is used comm-
ercially to produce nanocrystalline metal and oxide
powders by Nanophase Technologies in Darien, IL,
USA. A full description of the method and the ef-
fect of process variables on the product phase can
be found in Refs. 8 and 9.

Mechanical alloying involves repeated welding,
fracturing, and rewelding of powder particles in a
high energy ball mill. The grain size of the powd-
ers decreases with milling time and reaches

nanometer dimensions, usually in a few hours. A
recent comprehensive review describes the synth-
esis and mechanism of formation of nanocrystall-
inc materials by this process"™. Powder contamin-
ation is wsually a serious problem with this pro-
cess, especially when reactive metals and/or long
milling times are involved.

Spray conversion processing is another indu-
strial process employed by Nanodyne, Inc. (New
Brunswick, NJ, USA) to produce nanocrystalline
WC-Co composite powders. This process starts
with an aqueous solution precursor which is con-
verted into an aerosol and rapidly spray dried to
give extremely fine mixtures of tungsten and
cobalt complex compounds. Reduction of this
powder with hydrogen and reaction with carbon
monoxide in a fluidized bed reactor yields nano-
phase WC-Co powder'".

Electrodeposition is a simple and well-establ-
ished process and can be easily adapted to pro-
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duce nanocrystalline materials™™. This technique
can yield porosity-free finished products which do
not require subsequent consolidation processing.
Further, the process requires low initial capital in-
vestment and provides high production rates with -
few shape and size limitations. For these reasons,
NanoMetals Corporation, London, Ontario, Cana-
da is using this process for industrial applications.
Synthesis of nanocrystalline materials by cry-
stallization of glassy phases (produced by e.g., ra-
pid solidification from the liquid state, mechanical
alloying, vapor deposition) involves control of the
crystallization kinetics by optimizing the heat treat-
ment conditions (annealing temperature and time,
heating rate, etc.). These materials, referred to as
FINEMET, were first investigated by Yoshizawa
et al."” to study the magnetic properiies of Fe-base
alloys. This simple method produces large quan-
tities of porosity-free material. Further, samples
with different grain sizes can be synthesized by
controlling the crystallization process, affording a
way of comparing the properties of amorphous,
nanocrystalline, and coarse-grained materials of
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the same composition”.

Commercial utilization of nanocrystalline ma-
terials requires consolidation of the powder into
useful shapes and also to establish the structure-
property correlations. However, successful con-
solidation of nanocrystalline powders is a non-tri-
vial problem since fully dense materials should be
produced while simultaneously retaining the nano-
meter-sized grains, Conventional consolidation te-
chniques generally use high pressures and elevated
temperatures for an extended period of time to
achieve full densification. But, retention of nanos-
tructures requires use of low consolidation tem-
peratures while the achieving of full (theoretical)
density requires use of high temperatures. In spite
of these opposing requirements, successful con-
solidation of nanocrystalline powders has been
achieved by controlling the process parameters dur-
ing electrodischarge compaction, plasma activated
sintering, shock (explosive) compaction, hot isos-
tatic pressing, and Ceracon processing”.

STRUCTURE

In nanocrystalline single-phase alloys and pure
metals, the most important structural parameter is
the grain size. The properties of materials are most-
ly dependent on the grain size and therefore, an ac-
curate determination of the grain size is important.
Both direct (clectron microscopic) and indirect
(scattering) techniques have been employed to de-
termine the grain sizes. However, for mi-
crochemical analysis on the requisite fine scale,
further advances in the state-of-the-art of in-
strumental capabilities will be necessary to obtain
the desired lateral scale resolution. Only the atom
probe field-ion microscopy (AP-FIM) or scanning
tunneling microscopy (STM) seem to offer the re-
quired lateral scale resolution for determining the
chemistry at present.

Transmission electron microscopic (TEM) tech-
niques (especially, the high-resolution TEM stu-

dies) are ideal to directly determine the grain sizes
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of nanocrystalline materials using the dark-field
technique. The width of a Bragg reflection in an X-
ray (large-angle) diffraction pattern can provide
grain (or crystal, i.e. the size of the coherently dif-
fracting domain) size information after the ap-
propriate corrections (for instrumental and strain ef-
fects) are incorporated. Whereas the TEM tech-
niques can clearly indicate whether there is a dis-
tribution of grain sizes and a grain size histogram
can be obtained by measuring the grain sizes and
counting the number of grains, the X-ray dif-
fraction technique gives only the average crystal
size; and, this value depends strongly on which
weight function is used when averaging over the
size distribution. A number of recent studies dis-
cuss the techniques for an accurate measurement
of grain sizes and application of X-ray line shape
analysis techniques to nanocrystalline materials"*®.
The structure of the grains (or crystals) in a
nanocrystalline material has been normally ac-
cepted to be the same as in a coarse-grained ma-
terial and hence there have not been many in-
vestigations into this aspect. However, therc are
some reports that the crystal structure of the ma-
terial with an ultra-fine grain size could be dif-
ferent from that of a coarse-grained material. Even
if the structure remains the same, the lattice
parameter(s) have been found to be slightly dif-
ferent (by about 0.2%), at least in a few cases”.
The structure of the grain boundaries has re- .
ceived a lot of attention and has been discussed ex-
tensively -in the literature”, especially to decide
whether it is different in the nanocrystalline and
coarse-grained materials of the same composition.
The grain boundary structure determines the dif-
fusivity, and consequently the rate of deformation
by grain boundary diffusion (Coble creep) and the
ratcs of sintering and grain growth. The con-
clusions differ and some believe that the structure
is fundamentally different in both the types of ma-
terials while others believe that it is the same.
Gleiter and co-workers™ studied the structure of
nanocrystalline materials using a number of tech-
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niques and showed that the grain boundaries in
nanocrystalline materials may be random, rather
than possessing ecither the short-range or long-
range order normally found in conventional coarse-
grained materials. This randomness has been as-
sociated with either the local structure of in-
dividual boundaries or the structural co-ordination
among boundaries®. It was also noted that the
boundaries in the as-prepared nanocrystalline Pd
are in a state with lower atomic short-range order
than conventional grain boundaries in po-
lycrystalline materials. The grain boundary free en-
ergy of as-prepared nanocrystalline Pd was also
computed to be twice that of the relaxed state. EX-
AFS (extended x-ray absorption fine structure) stu-
dies also indicated a much larger reduction in the
atomic co-ordination numbers than that detected
by X-ray studies, supporting the concept of wide
disordered grain boundaries in nanocrystalline ma-
terials. A recent computer simulation study of
grain boundaries in nanocrystalline materials' rc-
ported that (i) long-range periodicity is absent, (ii)
grain boundary energy distribution is narrower
than in bicrystals, (iii) grain boundaries are wider,
but the width distribution is narrower than in bi-
crystals, and (iv) in the zeroth order, the grain
boundaries are an isotropic, cement-like phase, a
picture rather dissimilar from the structures found
in glasses (which have short-range order) and that
derived from bicrystal studies. Based on these
results, it has been suggested that the grain boun-

daries are fun-

in nanocrystalline materials
damentally different from those in conventional
coarse-grained materials. All the properties of
nanocrystalline materials were thus explained as-
suming that the material is a mixture of two com-
ponents-perfect long-range ordered atomic ar-
rangement in the grains and a random interfacial
component. But, the details of the atomic structure
of the grain boundaries in a given a nano-
crystalline material may vary as a function of the
time-temperature history of the sample (crystal

size and external pressures).

Siegel” has recently summarized the literature
on the structure of grain boundaries in nano-
crystalline materials. Based on the evidence from
X-ray diffraction, EXAFS, Mossbauer spectro-
scopy, Raman spectroscopy, high-resolution TEM
images, and computer simulations, he has shown
that the grain boundary structure in nanocrystalline
materials is similar to that in coarser-grained con-
ventional material. He has also concluded that the
atoms that constitute the grain boundary volume in
nanocrystalline materials have sufficient mobility
during cluster consolidation to accommodate them-
selves into relatively low-energy configurations.
The possible effects of high-resolution TEM speci-
men surfaces on the grain boundary structure furth-
er supported the reliability of such structural ob-
servations. He concluded that “indeed, the fre-
quent lack of recognition of significant surface and
porosity (and probably adsorbed impurity, as well)
contributions to many of the surface-sensitive struc-
tural measurements on nanophase materials that
have been used to deduce information about their
grain boundary structures has undoubtedly ex-
acerbated the problem of elucidating their nature” .

From the above, it is apparent that the question
of whether the structure of grain boundaries in
nanocrystalline materials is basically different from
the coarse-grained crystals is not answered clearly.
Further and more local investigations are required
to get a clearer picture of this aspect.

THERMAL STABILITY

The thermal stability of nanocrystalline materials
is of great importance for potential technological
applications. Grain growth occurs in po-
lycrystalline materials to decrease the interfacial en-
ergy and hence the total energy of the system.
Since nanocrystalline materials have a highly di-
sordered large interfacial component (and therefore
they are in a high energy state), the driving force
for grain growth is expected to be high. This driv-

ing force is proportional to the specific grain boun-
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dary area, and therefore it varies as the inverse of
the grain size. Accurate grain growth studies in
nanocrystalline materials are difficult since the
grain size cannot be accurately determined. Some
studies have been, however, conducted by measur-
ing the grain size using direct electron microscopic
techniques or estimated from the X-ray diffraction
peak broadening values. Grain growth studies
have also been conducted by measuring some ma-
croscopic property as a function of temperature or
time which is sensitive to grain size, e.g., electr-
ical resistivity, magnetic susceptibility, coefficient
of thermal expansion, etc.

Contrary to the expectations, experimental ob-
servations suggest that grain growth in nano-
crystalline materials, prepared by almost any
method, is very small (and almost negligible) up
to a reasonably high temperature. It has been sug-
gested that the resistance to grain growth observed
in nanocrystalline materials results primarily from
frustration™. This has been explained on the basis
of structural factors such as narrow grain size dis-
tribution, equiaxed grain morphology, low energy
grain boundary structures, relatively flat grain boun-
dary configurations, and porosity present in the sam-
ples. Additionally, grain boundary Zener drag and
triple junction drag have been found to be signifi-
cant in retarding grain growth’. In some instances,
however, abnormal grain growth has been observed.

Studies of the isothermal grain growth kinetics
can provide information on the microscopic
mechanism of growth. Isothermal grain growth
kinetics are frequently described by the equation:

d-d-Kt"

where d is the grain size at time t and a constant
temperature T, d, is the initial grain size, K is a
constant and n is the grain growth exponent. The
activation energy for grain growth, Q can also be
obtained from the equation:

K=K, exp (-Q/RT)

where K, is a pre-exponential constant and R is
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the gas constant. Both Q and n are important par-
ameters in describing the kinetics and mechanism
of grain growth.

The observed grain growth exponent in nano-
crystalline materials has been found to vary from
low values of 2 to as high a value as 8, different
from the value of 2 deduced from the parabolic re-
lationship for grain growth in coarse-grained ma-
terials. This suggests that the grain growth beha-
vior in nanocrystalline materials could be com-
plicated and very different from that in the coarse-
grained material. Thus, in addition to Zener drag
(where a particle intcracts with the grain boundary
to reduce the energy of the boundary-particle sys-
tem and restrains the boundary movement), other
mechanisms such as pinning of grain boundaries
by pores or inclusions also may be operative. In
fact, it has been shown that for an initial grain
size of 14 nm in TiO,, when the porosity was a-
bout 25%, the grain size after annealing for 20 h
at 700°C was 30 nm. When the porosity was reduc-
ed to about 10%, the grain size for a similar an-
nealing treatment was dramatically increased to 500
nm". Grain growth can also occur in nanocrysta-
line materials during consolidation of the powder,
which requires exposure of the powder to high
temperatures and pressures for extended periods of
time, But, this has not been a serious concem in
many cases”. Depending on the alloy system und-
er consideration, the activation energy for grain
growth In nanocrystalline materials appears to be
close to the value for volume diffusion, grain boun-
dary diffusion, or activation energy for crystalliz-

13)

ation of the amorphous phases™.
PROPERTIES

Because of the very fine grain sizes and con-
sequent high density of interfaces, nanocrystalline
materials exhibit a variety of properties that are dif-
ferent and often considerably improved in com-
parison with those of conventional coarse-grained
materials. These include increased strength/hard-
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ness, enhanced diffusivity, improved ductility/tou-
ghness, reduced demsity, reduced elastic modulus,
higher electrical resistivity, increased specific heat,
higher coefficient of thermal expansion, lower ther-
mal conductivity, and superior soft magnetic pro-
perties. All of these properties are being exten-
sively investigated to explore possible applications
for these materials. The reader is referred to some
of the review articles"**** and some of the recent
conference proceedings™ for detailed results on
these properties.

Mechanical Properties

The elastic constants of nanocrystalline ma-
terials have been found to be reduced by 30% or
less, interpreted as due to the large free volume of
the interfacial component and alternatively as due
to the level of porosity and state of cracks present
in the sample. The 'most significant change result-
ing from a reduction in the grain size to the nano-
meter level is a 4-5 times increase in the strength
and bardness over the coarse-grained material.
- This is also the least understood and most con-
troversial area”. The Hall-Petch relationship for
conventional coarse-grained polycrystalline mater-
ials suggests that the yield strength (or hardness)
of a material increases with a decreasing grain size
according to the equation:

o=0,+Kd"

where d is the mean grain size, ¢ is the 0.2%
yield strength (or hardness), ¢, is the lattice fric-
tion stress to move individual dislocations (or the
hardness of a single crystal specimen, K is a con-
stant, and n is the grain size exponent (generally -
1/2). Even though the above relationship was obey-
ed by a number of nanocrystalline materials, some
instances are also available when, below a critical
grain size, the hardness was found to decrease
with a decreasing grain size. That is, the slope K
has a negative value and this has been termed as
the inverse Hall-Petch relationship. Apart from the

sign of K, there are also reports that the grain size
exponent n can have very different values, e.g., -1,
-1/2, -1/3, and -1/4. Some other investigators have
modified the normal Hall-Petch equation by mod-
ifying either the grain size exponent and/or the
sign and magnitude of the slope K.

The Hall-Petch relationship was derived on the
basis of strengthening resulting from dislocation
pile-ups at physical obstacles like grain boundaries.
Since nanocrystalline materials have extremely small
grain sizes, Frank-Read sources may not be operat-
ing. Therefore, enough number of dislocations will
not generate and migrate to have a pile-up, and so
it is doubtful if strengthening could occur by this
mechanism; other mechanisms may have to be in-
voked. While some people accept that the inverse
Hall-Petch relationship is real and some theoretical
explanations have been offered for its occurrence,
others believe that this is an anomaly and caution
that when a higher temperature for consolidation
or annealing is used to increase the grain size, the
size of flaws in the material could decrease or the
density and/or the internal stresses in the compact
could change. Then, these effects will also have to
be considered while discussing the inverse Hall-
Petch effect. The reader is referred to Ref. 1 for a
detailed discussion on this aspect.

The hardness and strength of nanocrystalline
ceramics also is significantly higher than in the
conventional coarse-grained materials. Additionally,
it has been shown that nanocrystalline ceramics, c.
g., TiO, and CaF,, can be plastically deformed at
room temperature due to the increased creep rate
as a result of grain boundary sliding due to a com-
bination of fine grain size and increased grain
boundary diffusivity. Thus, it can be concluded
that the inherently brittle ceramics can be made
ductile via nanostructure processing. On the other
hand, as shown above, the usually soft metals be-
come hard and strong. Thus, the proportions of
dislocation activity and grain boundary sliding
responsible for the deformation of nanocrystalline
mctals and ceramics can be quite different de-
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pending on the grain size®. With a decrease in
grain size, the dislocation activity decreases in me-
tals and grain boundary sliding becomes more
prominent. But, in ceramics, the opposite behavior
is observed. Contrary to the expectations, duc-
tilization of intermetallics has not been realized,
even though superplastic-like flow in compression
at room temperature was reported in a nano-
crystalline Fe-28A1-2Cr (at. %) intermetallic. In-
stead, superplastic deformation was observed in
nanocrystalline titanium aluminides at higher tem-
peratures™™.

It has also been recently reported that very high
strengths with acceptable levels of ductilities could
be obtained in a material if about 20 vol% of a
nanocrystalline phase is uniformly dispersed in an
amorphous matrix™. This appears to be a fruitful
area for further investigations.

Chemical Properties

Since majority of the synthesis methods produce
nanocrystalline materials in a powder form, the to-
tal surface area available can be accurately con-
trolled by controlling the particle size and porosity
in the samples. One can consolidate the material
to full density for best mechanical properties, or to
a highly porous structure to obtain a large surface
area, or to an intermediate value of porosity. Beck
and Siegel™ have shown that the chemical reac-
tivity of nanocrystalline TiO, which has been only
lightly consolidated is significantly higher than
that in other commetcially available TiO, samples.
Nanocrystalline samples do not only have the in-
creased activity, but the high activity is retained
for a longer time than in commercial coarse-grain-
ed samples. This has been attributed to the large
surface area of the nanocrystalline material com-
bined with its rutile structure and its oxygen-de-
ficient composition.

" The cotrosion behavior of nanocrystalline nickel-
base alloys has also been reported™. As expected,
the average dissolution rate of Ni was found to be
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higher than that for the coarse-grained material.
However, the nanocrystalline materials exhibited
more uniform cotrosion morphology in an acidic
medium (the coarse-grained material suffered ex-
cessive Intergranular corrosion) and superior lo-
calized corrosion resistance, attributed to the fine
grain size and homogeneity of the nanocrystalline
material.

Electrical Properties

Because of the increased volume fraction of a-
toms lying at the grain boundaries, the electrical
resistivity of nanocrystalline materials is found to
be higher than that in the coarse-grained material
or an amorphous material of the same composition.
It has also been shown that the electrical resis-
tivity of nanocrystalline materials is sensitive not
only to the grain boundaries but also other types
of imperfections and/or stresses introduced by the

1)

synthesis process™. At a constant temperature, the
electrical resistivity increases with a decrease in
grain size and for a constant grain size, the electr-
ical resistivity increases with temperature, and
both these observations are consistent with the
theoretical analysis of scattering of electrons by
grain boundaries.

The magnitude of the electrical resistivity (and
hence conductivity) in nanocomposites can be
changed by altering the grain size of the electr-
ically conducting component. For example, by
changing the volume fraction of iron particles in a
nanocrystalline iron-silica system, the electrical
conductivity could be changed by 14 orders of
magnitude.

It has been recently reported that pure nano-
crystalline ZnQ with a 60 nm diameter grain size

“can exhibit varistor behavior (comstant voltage

over a wide range of current) with a small, but us-
able threshold voltage of 0.1 kV/cm™. Further, by
doping 3-10 nm ZnO with elements like B, Bi, Co,
Cu, Sb, and Sn the varistor active range could be
extended to 30 kV/cm™, affording a means of con-
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trolling the voltages between 0.1 and 30 kV/cm by
choosing the appropriate dopant.

The phenomenon of giant magnetoresistance
(GMR)-drastic decrease of electrical resistivity of
materials when exposed to a magnetic field-has
been reported in a number of nanocrystalline mul-
tilayer and equiaxed systems. Whereas the resis-
tance drop is of the order of 1-2% in conventional
materials, the drop in nanocrystalline materials
could be as much as 50% or more.

Physical Properties

The specific heat, thermal expansion, and opt-
ical properties of nanocrystalline materials also
seem to be possible to be tailored by controlling
the grain size. The specific heat and thermal ex-
pansion of nanocrystalline materials are higher
than those of the coarse-grained and amorphous
materials of the same composition'”. Since the in-
terfacial component contributes quite significantty
to the thermal expansion of nanocrystalline ma-
terials, the coefficient of thermal expansion can be
tailored to any predetermined value by varying the
grain size (and hence the interfacial volume).

The optical properties of nanocrystalline materials
have been found to be exciting from both the scien-
tific and technological points of view. The band gap
of semiconductors and the optical transparency beha-
vior of materials could be changed by controlling
the grain and/or pore size in the nanocrystalline
state, For example, the band gap in CdSe sem-
iconductor could be changed from 3.0 eV for clust-
ers of 1.2-1.5 nm to 2.3 €V for cluster sizes of 3.0-3.
5nm due to quantum confinement effects; the bulk
material has a band gap of 1.8 eV”. By controlling
the pore size in nanocrystalline Y,0, to be e-
quivalent to the wavelength of light, scattering could
be effected and so the material was opaque. On the
other hand, when the pore size was much smaller
than the wavelength of light, scattering did not take
place and so the material was fairly transparent™.
The optical absorption characteristics can also be

modified by allowing interaction to occur between
the nanosized CdS clusters™.

Magnetic Properties

The ferromagnetic properties of materials are in-
fluenced by changes in the interatomic distances.
Thus, in comparison to the coarse-grained material,
the saturation magnetization and Curie temperature
are reduced in the nanocrystalline state. This ap-
pears to be true whether the material is produced
directly in the nanocrystalline state or obtained by
crystallization of the amorphous phase. These
reductions were attributed to the deviation of in-
teratomic spacing in the interfacial regions as com-
pared with the crystalline component, supported
by Mossbauer spectroscopy measurements.

Atftractive magnetic properties have been reported
for nanocrystalline Fe-based alloys obtained by cryst-
allization of the amorphous ribbon produced by the
rapid solidification method“*. These alloys-some-
times referred to as FINEMET-contain nanometer-
sized a-Fe grains embedded in the amorphous ma-
trix. The best soft magnetic properties by this route
are obtained by the addition of Cu and at least one
element selected from the group consisting of Nb,
W, Ta, Zr, Hf, Ti, and Mo to an iron-base alloy hav-
ing an essential composition Fe,,, CoNbSi 13.5B,
(Ref. 14). The magnetic properties of these ma-
terials depend on the grain size, and hence on the
temperature used for the crystallization. By chang-
ing the grain size, the coercivity can be changed
by several orders of magnitude. The initial perme-
ability also varied in a similar manner, essentially
being inversely proportional to coercivity.

While both rapid solidification from the melt
and mechanical alloying techniques have been
used widely to produce: nanocrystalline magnetic
alloys, the process parameters can be more easily
and accurately controlled in the rapid solidification
processing™”. Mechanical alloying seems to be un-
suitable for the production of soft magnetic low
coercivity alloys, because of the significant in-
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troduction of internal strain into the highly mag-
netostrictive material. Strain removal by annealing
leads to undesirable grain growth. Thus, crystalliz-
ation of amorphous alloys appears to be the best
method to synthesize nanocrystalline alloys with at-
tractive soft magnetic properties.

Nanocrystalline materials produced by the cry-
stallization of amorphous alloys (FINEMET alloys)
show an excellent combination of magnetic charac-
teristics. They have a low coercivity (5-10 A cm™),
high permeability (100,000), almost zero magneto-
striction (0 to 2x 10°), and low core losses (-200
kW m?) due to the high resistivity (135 pohm-cm)
of these alloys. Further, the shape of the hysteresis
loop can be altered by magnetic field annealing.
All the above characteristics, in combination with
good. thermal stability, suggest that nanocrystalline
Fe-based alloys are very promising candidates for
soft-magnetic applications.

A useful magnetic property that nanocomposites
offer is called the magnetocaloric effect. When a
material containing extremely small magnetic par-
ticulates in a non-magnetic or weakly magnetic ma-
trix is placed in a magnetic field, the magnetic
spins of the particulates tend to align with the field.
This increase in magnetic order lowers the mag-
netic entropy of the spin system. If this process is
petformed adiabatically (i.e., no heat is exchanged
with the surroundings), the reduction in spin en-
tropy is offset by an increase in lattice entropy, and
the specimen temperature will rise. This tem-
perature rise is reversible (the specimen cools down
on removal of the magnetic field) and is known as
the magnetocaloric effect. Shull and co-workers™
have extensively investigated this phenomenon and
predicted that the magnetocaloric effect may be
enhanced at low fields and high temperatures.

APPLICATIONS

Nanocrystalline materials are relatively new and
it is only during the last few years that researchers
have started exploring the many potential benefits
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of these materials. Several potential applications
have been suggested for these materials, but many
of these are either in the laboratory stage or in ear-
ly experimentation. It is most unlikely that the ap-
plications of these materials arc decided on the
basis of any one single property, but will be based
mostly on the combination of a number of desir-
able properties. Some of the suggested potential ap-
plications of nanocrystalline materials can be found
in Refs. 1, 35, and 36.

It has been known that the fracture toughness of
ceramics can be considerably enhanced by disp-
ersing in them a second phase on a microscopic
scale. Since reducing the grain size to nanometer
dimensions can provide increased strength and
hardness, it is suggested that fabrication of micro/
nanohybrids will lead to a new class of super-
strong and supertough ceramics. In these hybrids,
a nanocomposite mairix is reinforced with sub-
micrometer-sized particles-whiskers, platelets, or
long fibers-and these hybrids show enhanced frac-
ture toughness and strength up to very high tem-
peratures; the properties of coarse-grained com-
posites normally degrade at these temperatures.
Further, nanoreinforcements increase the creep
resistance by suppressing grain boundary sliding.
Nanocrystalline WC-Co composites have been
shown to have higher hardness and toughness,
four times better wear resistance and more than
double lifetime in cutting tools than conventional
coarse-grained composites. Applications for such
powders include fine drill bits for drilling holes in
printed circuit boards and rotary cutting tools
(because of the fine grain size, sharp edges, and
smooth surface finish).

Since ceramics and conventionally brittle in-
termetallics can be rendered ductile by nanos-
tructure processing, these materials can be formed
to near-net shapes by means of deformation pro-
cessing methods previously applicable only to pro-
duce ductile metal parts. In fact, one report sug-
gests that nanocrystalline silicon nitride can be fa-
bricated like chewing gum!
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The improved hardness coupled with better cor-
rosion and wear resistance of nanocrystalline elec-
trodeposits makes them strong contenders for pro-
tective coating applications™. These materials can
be used as hard facing on softer, less wear-resis-
tant substrates to improve the life-time resulting in
cost savings. A nanocrystalline nickel coating on
Nd-Fe-B hard magnets provided the required wear
and corrosion resistance. Ontario Hydro Tech-
nologies developed the FElectrosleeve™ steam gen-
erator tube repair technology based on bulk nanos-
tructured electrodeposits. The technology produces
a nanostructured nickel microalloy sleeve (several
hundred microns thick) having a continuous high
strength metallurgical bond to the steam generator
tube, superior strength and ductility, and resistance
to wear, fatigue, and corrosion.

Nanocrystalline coatings deposited by laser plas-
ma discharge increased the life of ZnS samples
morte than five times against abrasion/erosion/rain
water comosion/impact damage. A double layer
coating has been found to be a suitable method to
improve the mechanical properties and recording
characteristics of amorphous-ultrafine films; con-
trolling the thickness of the polymer coating is still
a problem. Multilayered nanoscale structures also
have superior sliding wear resistance at low loads
compared to their coarse-grained counterparts.

The increased diffusion rates in nanocrystalline
materials considerably reduce the temperatures at
which sintering can occur in these materials. The
enhanced diffusivity can be used to make oxygen
sensors and fuel cells capable of operating at
much lower temperatures than systems currently in
use. Nanocrystalline ceramics may also be a good
candidate material for joining ceramic parts. The
enhanced diffusion rates may also make it possible
to subject the nanocrystalline materials (both me-
tals and ceramics) to near-net shape forming.
When required to be used at high temperatures,
the creep resistance may be improved by annea-
ling at high temperatures to achieve grain growth.

The large surface area of nanocrystalline ma-

terials can be used for catalysis purposes. Nano-
crystalline Ni-Mo alloys produced by mechanical
alloying have been found to be more electro-active
than conventional polycrystalline alloys. It was det-
ermined that the overpotential of the cathodic hy-
drogen evolution reaction (HER) in high tem-
perature caustic media was reduced considerably.
Thus, nanoprocessed HER electrodes of superior
elctrocatalytic properties could be produced.

The electrical and magnetic properties of nano-
crystalline materials will probably form the basis
for their widespread and industrial applications. A
new class of electrically conducting, diamond-like
nanocomposites with conductivity varying over 18
orders of magnitude have been synthesized. Ex-
tremely stable metal-dielectric multilayer structures
without interfacial structural boundaries have also
been fabricated. The unique combination of di-
amond-like chemical and mechanical properties
with high electrical conductivity could lead to appli-
cations in the semiconductor and microelectronics
industries as well as in battery technology. The
phenomenon of giant magnetoresistance (GMR)
can be used for the recording heads of the next gen-
eration of information storage systems. The exce-
llent combination of soft magnetic propertics of
nanocrystalline materials could be useful in pro-
ducing tape-wound cores for common mode chokes,
saturable reactors, high frequency transformers, and
magnetic heads. The phenomenon of magnetocaloric
effect can be used for magnetic refrigeration, a-
voiding the use of harmful chlorofluorocarbons.

Nanocrystalline high melting point compounds
have been recommended for use in catalysis,
manufacture of filters, tools, ductile ceramics and
electrical and magnetic appliances. Of these, ap-
plications to cutting tools seem to be the most
promising. Nanocrystalline ceramics have also
been suggested for use in diesel engines™

CONCLUDING REMARKS

Nanocrystalline materials are novel materials
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which are not only scientifically interesting but
also hold great potential for a number of ap-
plications. Their properties are different from and
often superior to those of conventional coarse-
grained polycrystalline materials and also amor-
phous alloys of the same composition.

Widespread use and search for technological ap-
plications of nanocrystalline materials requires the
availability of large (tonnage) quantities of well-
characterized material with reproducible properties;
and this needs to be done economically. Even
though nanocrystalline powders are now more ex-
pensive than the more commercially available coat-
se-grained powders, greater usage and tonnage pro-
duction will bring down the cost. In this respect,
one can recall the case of metallic glass tapes pro-
duced by the rapid solidification processing, now
being used commercially for transformer core lam-
inations, While the tapes costed US $300 per Kg
in late 1978 when they were first produced they
now cost only about $2*. A solution to the bar-
riers for commercial utilization of nanocrystalline
materials can be identification of well-defined ap-
plications for these materials and this can be a
driver for accelerated research. In this context, de-
velopment of novel synthesis methods to
produce these materials in commercially viable
quantities is an urgent necessity. Simultaneously,
the properties of the existing materials need to be
significantly improved. Further studies on nanog-
lasses, nano-quasicrystalline alloys, and nano-
composites are required to evaluate the properties
and compare these with the nanocrystalline alloys.
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