The Structure and Mechanical
Properties of Metallic Nanocrystals

C. SURYANARAYANA and F.H. FROES

Metallic nanocrystals are ultrafine-grained polycrystalline solids with grain sizes in the range
of 1 to 10 nm in at least one dimension. Because of the extremely small dimensions, a large
fraction of the atoms in these materials is located at the grain boundaries, and thus, they possess
novel, and often improved, properties over those of conventional polycrystalline or glassy ma-
terials. In comparison to more conventional materials, nanocrystalline materials show a reduced
density; increased thermal expansion, specific heat, and strength; a supermodulus effect; and
extremely high diffusion rates. Traditionally brittle materials can be made ductile by nano-
structure processing. At present, there is considerabe confusion on the nature of the micro-
structure and mechanical properties of the nanocrystalline materials, especially of the equiaxed
(three-dimensional, 3-D) type. The present article reviews the current understanding of nano-
crystals and evaluates the data available on structure and mechanical properties of nanocrystalline

metals.

I. INTRODUCTION

NANOCRYSTALLINE materials (also referred to as
nanostructures, nanophase materials, or nanometer-sized
crystalline solids) are single-phase or multi-phase poly-
crystals, the crystal size of which is of the order of a
few (typically 1 to 10) nanometers (1 nm = 10~° meter)
in at least one dimension.!"-"1 Thus, they can be basically
equiaxed in nature-” and will be termed nanostructure
crystallites [three-dimensional (3-D) nanostructures], or
they can consist of a lamellar structure,”® and will be
termed a layered nanostructure [one-dimensional (1-D)
nanostructure], or they can be filamentary in nature®! [two-
dimensional (2-D) nanostructure]. Table I shows this
classification and Figure 1 illustrates the three types of
nanostructures schematically. The magnitudes of length
and width are much greater than thickness in the layered
nanocrystals, and length is substantially larger than width
in filamentary nanocrystals. The nanocrystalline mate-
rials may contain crystalline, quasicrystalline, or amor-
phous phases and can be metals, ceramics, or composites.
It has been shown that these materials have properties
often superior to those of the conventional coarse-grained
polycrystalline materials.!!>7]

A great deal of effort has gone into the synthesis and
characterization of these novel materials, with emphasis
on the nanostructure crystallites and, to a lesser extent,
on the layered structures. Relatively few investigations
have been reported on the filamentary nanocrystals. Re-
cently, greater attention is being paid to the development
of nanocrystalline ceramics, since it has been demon-
strated that they can be sintered at relatively low tem-
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peratures''® and can also exhibit improved ductility,!’?
and even potential superplasticity,!’ in the nanocrystal-
line state. A number of research groups are currently de-
voting their efforts to understanding of the nature and
properties of the nanocrystalline materials and exploiting
them for industrial applications.!-"! Although useful
properties (e¢.g., lowered sintering temperature and im-
proved fabricability) have been reported for ceramic ma-
terials with nanometer-sized grains, the present review
will restrict itself to a discussion of the nanocrystalline
metals. More specifically, structure and mechanical
properties will be considered in detail, with emphasis on
rationalizing conflicting reports in this area.

II. CHARACTERISTICS

A schematic representation of a hard-sphere model of
an equiaxed nanocrystalline metal is shown in Figure 2.
Two types of atoms can be distinguished: crystal atoms
with nearest-neighbor configurations corresponding to the
lattice and boundary atoms with a variety of interatomic
spacings, differing from boundary to boundary. A nano-
crystalline metal contains typically a high number of in-
terfaces (~6 X 10® m™>) with random orientation
relationships, and consequently, a substantial fraction of
atoms lies in the interfaces. Assuming that grains have
the shape of spheres or cubes, the volume fraction of
nanocrystalline materials associated with the boundaries
was calculated"® as

C,=3A/d

where A is the average grain boundary thickness and d
is the average grain diameter. Thus, these volume frac-
tions can be as much as 50 pct for 5-nm grains and de-
crease to about 30 pct for 10-nm grains and 3 pct for
100-nm grains. Hence, nanocrystalline metals can be
considered to consist of two structural components —
crystallites with long-range order and disordered inter-
facial component. If the local atomic environments of
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Fig. 1 — Schematic representation of (a) equiaxed, (b) filamentary,
and (c¢) lamellar nanocrystals. The equiaxed nanocrystals have nano-
meter dimensions in all three directions, while they are only nano-
dimensional for the thickness and width of the filamentary and thickness
of the lamellar nanocrystals, respectively.

the interfacial atoms are averaged, there would be nei-
ther long-range nor short-range order. This structure is
thus in contrast to that obtained both in crystalline and
amorphous materials.

The grain boundaries in the nanocrystalline metals are
relatively unrelaxed, a state somewhat similar to rapidly
quenched metallic glasses!™! in that the system of bound-
ary atoms has a local but not global energy minimum;
thus, the material is in a metastable condition.

Because of the fineness of the grain structure, stability
is often a concern; however, the layered nanostructure,
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Table I. Classification of Nanocrystalline Materials

Typical Method

Dimensionality  Designation of Synthesis

Three-dimensional crystallites gas condensation
(equiaxed) mechanical alloying

Two-dimensional filamentary chemical vapor deposition

One-dimensional  layered vapor deposition
(lamellar)  electrodeposition

in particular, can be quite stable. Significant grain growth
(doubling of the crystal size in 24 hours) was observed
in single-phase nanostructure crystallites at ambient tem-
perature or below only when the equilibrium melting
temperature T,,, was lower than about 600 °C. Grain growth
was retarded for higher T,, metals, e.g., for Cu up to
~100 °C, for Pd up to ~250 °C," and for Ti-Mg up to
~450 °C.I"! The nature of the chemical bond was also
found to significantly affect the grain growth. Just as in
conventional polycrystals, grain growth in nanocrystal-
line materials may be inhibited by second-phase parti-
cles!'® and/or impurity drag. The stability of the
multiphase nanocrystals depends on the mutual solubility
of the phases involved; the lower the solubility, the lower
the grain growth.

IHI. SYNTHESIS

In principle, any method capable of producing very
fine grain-sized polycrystaline materials can be utilized
to produce nanocrystalline metals. However, nanostruc-
ture crystallites have generally been prepared by modi-
fied gas-condensation methods,!'”!¥! while the layered
nanostructures are synthesized either by vapor deposi-
tion'® or by electrodeposition.'® Other potential meth-
ods for preparing these materials include mechanical
alloying (MA),'”®) molecular beam epitaxy," rapid so-
lidification from the liquid state,?>?! jon beam,™ reac-
tive sputtering,” sol-gel,” and chemical vapor

Fig. 2— Schematic representation of an equiaxed nanocrystalline metal
distinguishing between the atoms associated with the individual crys-
tal grains (filled circles) and those constituting the boundary network
(open circles).™
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deposition® processes. The grain size, morphology, and
texture can be varied by suitably modifying/controlling
the process variables in each of these methods.

Controlled crystallization of the amorphous phases
produced by any of the above methods (e.g., rapid so-
lidification or electrodeposition) can also be utilized to
produce nanocrystalline metals.**:226]

Even though all of the above methods have been used
with different levels of success to produce different
nanocrystalline materials, only gas condensation, vapor
deposition, electrodeposition, and mechanical alloying
techniques will be described in view of their widespread
use and also the potential of these methods to produce
bulk quantities of material.

A. Gas Condensation Method

Figure 3 shows a schematic diagram of the gas-
condensation method for the production of equiaxed
nanocrystals.® The system consists essentially of an
ultrahigh vacuum (UHV) chamber equipped with a
turbomolecular pump, evacuated to about 10~ Pa. The
chamber is then back-filled with an inert gas such as He
to a pressure of about 1 KPa. The material to be pro-
duced in the nanocrystalline state is then evaporated in
a refractory metal boat using conventional methods [such
as resistive heating (most common), radio-frequency
heating, sputtering, electron beam, laser/plasma heat-
ing, or ion sputtering]. As a result of interatomic colli-
sions 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, due to convective flow, on a vertical
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Fig. 3— Schematic representation of a gas-condensation chamber for
the synthesis of nanocrystalline materials.!
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liquid nitrogen-filled cold finger. The crystal size of the
powder is typically a few nanometers. Two evaporation
sources allow blended mixtures of powders, in which
case the cold finger can be rotated to achieve better
mixing.

After restoring high vacuum, the powder is stripped
off the cold finger by moving an annular TEFLON* ring

*TEFLON is a trademark of E.I. Du Pont de Nemours & Company,
Inc., Wilmington, DE.

down the length of the tube into a compaction device.
Compaction is carried out in a two-stage piston-and-anvil
device initially at low pressures in the upper chamber to
produce a loosely compacted pellet, which is then trans-
ferred in the vacuum system to a high-pressure unit where
final compaction takes place at a pressure of about 5 GPa
with tungsten carbide pistons. The scraping and com-
paction process also is carried out under UHV conditions
to maintain cleanliness of the particle surfaces (and sub-
sequent interfaces) and also to minimize the amount of
any trapped gases. High densities of as-compacted sam-
ples have been measured with values of about 75 to 90 pct
of bulk density for metal samples.!"*

The particle size in this method is dependent upon the
inert gas pressure, the evaporation rate, and the gas com-
position.'7-18 Extremely fine particles can be produced
by decreasing either the gas pressure in the chamber or
the evaporation rate and by using light (such as He) rather
than heavy inert gases (such as Xe). It has been recently
shown that control of the inert gas pressure affects not
only the particle size but also the resulting phase.*”

B. Vapor Deposition

While versatile, the vacuum deposition techniques are
often difficult to control, require expensive equipment,
and are not amenable to the fabrication of large struc-
tures, particularly those having complex shapes. Control
difficulties are inherent in vacuum methods, because the
depositing atoms generally arrive at the substrate surface
with considerable excess energy so that some disordered
growth and interdiffusion are inevitable. However,
Bickerdike et al.®® have described a semicommercial scale
electron beam vapor deposition process (Figure 4(a))
which results in alternate layers of aluminum (20- to
1600-nm thick) and a second metal (0.1- to 20-nm thick
Cr, Fe, Mg, Mn, Ni, or Ti). The vapor was condensed
on a temperature-controlled disk-shaped aluminum alloy
collector with a polished surface which can be rotated
about a vertical axis. Deposits 160 mm in diameter were
obtained at rates of 1 to 3 mm/h, thus providing ade-
quate layered nanocrystalline material for mechanical
property evaluation.

C. Electrodeposition

Electrodeposition of multilayered metals can be
achieved using either two separate electrolytes or much
more conveniently from one electrolyte by appropriate
control of agitation and the electrical conditions (partic-
ularly voltage) (Figure 4(b)).["2! These processes can
be precisely controlled via the electrode potential and
solution mass transport, require minimal capital invest-
ment, and can be applied to the fabrication of parts of
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Fig. 4— Schematic cross-sectional representation of (a) rotating col-
lector vapor deposition apparatus,'® (b) cell for electrodeposition, and
(¢) MA techniques for synthesizing nanocrystalline specimens.

almost any shape or size. Deposition rates (at the 10-nm
layer level) are about 0.05 mm/h, but the process is
non-labor intensive and can run automatically for long
periods of time. Further, multilayer structures with spe-
cific textures can also be easily synthesized using the
electrodeposition techniques.®! Also, 3-D nanostructure
crystallites can be prepared using this method by utiliz-
ing the interference of one ion with the deposition of the
other. The size of the particles can be controlled pre-
cisely via the concentration of solution species, the de-
position voltages/currents, and bath agitation modulations.

Some of the conventional test methods are often not
strictly applicable to vacuum-deposited thin films.?® The
slightly thicker deposits obtained in the electrodeposition
process are much easier to test and with greater reliability.

Multilayer structures with nanometer-scale thick-
nesses have also been produced by various other depo-

1074 — VOLUME 23A, APRIL 1992

sition processes, such as sputtering, molecular beam
epitaxy, and chemical vapor deposition. Molecular beam
epitaxy is an extremely well-controlled deposition tech-
nique, and many artificially structured materials with
submicron dimensions along the growth direction have
been produced; however, this is not a volume production
method.

D. Mechanical Alloying

Mechanical alloying consists of repeated welding,
fracturing, and rewelding of powder particles in a dry
high-energy ball charge.!?>*12 In this process, mixtures
of elemental or prealioyed powders are subjected to
grinding under a protective atmosphere in equipment ca-
pable of high-energy compressive impact forces such as
attrition mills, vibrating ball mills, and shaker mills. A
majority of the work on nanocrystalline materials has been
carried out in highly energetic small shaker mills (e.g.,
SPEX* model 8000) agitated at a high frequency in-

*SPEX is a trademark of Sytech Corporation, Houston, TX.

volving motion in three orthogonal directions; but the
amplitude of the motion is greatest in one direction
(Figure 4(c)). The intimate mixing of the constituent
metals on a very fine scale can result in the formation
of several metastable phases. It has been shown recently
that materials with nanometer-sized grains can be syn-
thesized by MA of elemental powders,*>-*% intermetallic
compound powders,3-¥-#1] or immiscible powders.[**-46]
The grain size is a function of the energy input into the
mill and milling time. However, a few hours of milling
is enough in most cases to produce nanometer-sized grains.
Control of impurity-content, especially in reactive met-
als, is difficult using the MA technique. However, the
production of bulk quantities of powder followed by
consolidation makes the MA approach an attractive,
commercial-scale processing route.

IV. STRUCTURE

In order to understand the interrelationship between
structure and properties, nanocrystalline materials need
to be characterized on both atomic and nanometer scales.
The microstructural features of importance include (1)
grain size, distribution, and morphology, (2) the nature
and morphology of grain boundaries and interphase in-
terfaces, (3) perfection and nature of intragrain defects,
(4) composition profiles across grains and interfaces, and
(5) identification of residual trapped species from pro-
cessing. In the case of layered nanostructures, the fea-
tures of importance are (1) thickness and coherency of
interfaces, (2) composition profiles across interfaces, and
(3) nature of defects.

There are a vast array of experimental techniques that
can yield structural information on nanocrystalline ma-
terials. These include “direct” microscopic techniques
such as transmission electron microscopy (TEM), scan-
ning tunneling microscopy (STM), field-ion microscopy
(FIM), and the less direct electron, X-ray, and neutron
diffraction techniques. Indirect spectroscopic tools, such
as extended X-ray absorption fine structure, nuclear
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magnetic resonance, Raman and Méossbauer spectros-
copies, and positron lifetime spectroscopy, have also been
used. Other useful tools employed include differential
scanning calorimetry, mass spectroscopy, X-ray fluores-
cence, atomic absorption spectroscopy, Auger electron
spectroscopy, and hydrogen absorption.

Owing to the ultrafine scale of these materials, tra-
ditional characterization tools such as TEM and X-ray
and neutron diffraction are both necessary and useful to
understand the structure of nanocrystalline materials.
However, for microchemical analysis on the requisite fine
scale, further advances in the state-of-the-art of instru-
mental capabilities will be necessary to obtain the de-
sired lateral scale resolution. Only atom-probe FIM or
STM seem to offer the required lateral scale resolution
for such chemical mapping at present.

Due to limitations of space, details of the results from
all of the above techniques (except TEM) will not be
presented here. The interested reader is referred to a re-
cent comprehensive review by Gleiter'!) for details of re-
sults from other methods.

The microstructure of nanocrystalline metals has been
investigated by high-resolution TEM. These studies in-
dicated that the nanocrystalline metals consist of small
crystallites of different crystallographic orientations sep-
arated by grain boundaries. Figure 5 shows an electron
micrograph of nanometer-sized crystals observed in me-
chanically alloyed Ti-3 wt. pct Mg alloy,! while
Figure 6 shows a high-resolution transmission electron
micrograph recorded from a nanocrystalline Cu speci-
men synthesized by the gas-condensation method."”! From
such micrographs (as well as from field-ion micrographs

Pl
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Fig. 5—Electron micrograph showing the size and distribution of
nanocrystals in a mechanically alloyed Ti-3 wt pct Mg alloy.!4¢!
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Fig. 6-— High-resolution electron micrograph of nanocrystalline cop-
per sample produced by the gas-condensation technique.”!

and by small-angle X-ray or neutron scattering data), grain
sizes and their distributions can be determined. The grains
exhibit typically narrow log-normal size distributions.

The following features may be noted from the high-
resolution electron micrographs:

(1) Most of the ultrafine grains exhibit fringe contrast.
(2) The fringes abruptly stop in each grain at the grain
boundary, indicating that there is little or no atomic dis-
order perpendicular to the imaged planes.

(3) The grain boundary planes are basically flat but ex-
hibit some local faceting,*® probably to bring the planes
from both grains into registry.

(4) Neither voids nor dislocations have been observed
in these investigations, even though positron annihilation
spectroscopy!!®4? and precise densitometry and porosi-
metry®%->12 measurements have clearly indicated the
presence of porosity in nanocrystalline metals. Nieman
et al.“" report, however, observation of abundant twin-
ning and low-index, faceted crystal regions.

Gleiter and co-workers!'#! have interpreted most of their
results in terms of a two-component microstructure —
perfect long-range ordered atomic arrangement in the
grains and a random grain boundary component. How-
ever, recent results on high-resolution electron micros-
copy and computer simulation of grain boundaries in
nanocrystalline palladium have indicated that the inter-
face atomic structure in nanocrystalline metals is not
fundamentally different from that observed in coarser
grained polycrystals.! ¥

The results of high-resolution TEM have to be inter-
preted with care. First, electron microscopic character-
ization of nanocrystalline materials has been done under
less than UHV conditions, making the influence of im-
purities an important consideration. Further, the influ-
ence of the high-energy electron beam on the shape and
stability of the nanostructures is yet to be defined. Sec-
ond, since very thin specimens (usually the thickness is
less than the crystal diameter) are required for high-
resolution TEM, the 3-D crystal arrangement of a bulk
nanocrystalline specimen gets transformed into a 2-D ar-
rangement. This process may change the boundary struc-
ture as it alters the forces between neighboring crystals
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and induces new forces due to the energy of the free
surface. Further, due to the high diffusivity in nano-
crystalline materials,!!"” atoms may diffuse from the free
surface of a thin specimen into the grain boundaries at
ambient temperatures within a time much shorter than
the time for specimen preparation, leading to changes in
the boundary structure.

From the high-resolution TEM studies, one can, how-
ever, conclude that (a) the atoms constituting the bound-
aries in nanocrystalline materials rearrange themselves
into relatively low-energy configurations and (b) the local
driving forces for grain growth are relatively small, de-
spite the large amount of energy stored in the many grain
boundaries.

Direct evidence for an accurate structure of the grain
boundary is difficult to obtain in view of the relaxation
at surfaces; results from FIM and STM are required to
shed new light on the structure of the boundaries in the
nanocrystalline materials.

The nanocrystalline metals pick up a significant amount
of impurities both during the evaporation-condensation
and compaction stages. While the metallic impurities can
range from 107* to 5 at. pct, the oxygen content was
found to vary from 4 at. pct (for high oxygen affinity
metals) to 1 at. pct (for low oxygen affinity metals) with
no baking in the evaporators; this can be reduced to about
1077 at. pct with baking. There is considerable impurity
(both metallic and interstitial) pickup during the MA
processing also. This fact has to be taken into account
while evaluating the properties of the nanocrystalline
materials.

In the layered and filamentary nanostructures, the na-
ture of interfaces is just beginning to be evaluated and
not much information is presently available.

V. MECHANICAL PROPERTIES

Nanocrystalline materials can be visualized as com-
prising two structural components: crystallites with
long-range order and the disordered gaslike interfacial
component representing the variety of interatomic spac-
ings in the different types of interfaces. This disordered
structure, in particular, which is not constrained to ther-
mal equilibrium conditions, offers the prospect of novel
physical and mechanical behavior.’®*! Novel character-
istics include anomalously high diffusivity!®**>3¢) and
reactivity leading to use in catalytic and adsorption pro-
cesses, the alloying of conventionally insoluble or low
solubility elements because of the more open grain
boundary structure,*16-4657 and the ductile behavior of
the nanocrystalline ceramics!'''?! and intermetallic com-
pounds.'®! A summary of the equiaxed nanocrystalline
material properties compared with those of coarse-grained
polycrystals and metallic glasses is given in Table II.

Since the structure of nanocrystalline materials is sig-
nificantly different from conventional polycrystalline and
amorphous materials, the structure-related mechanical
properties of nanocrystalline materials are expected to be
significantly different.

A. Equiaxed Nanocrystals

The elastic constants of nanocrystalline materials have
been measured by a variety of methods?”™% and found
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to be reduced by 30 pct or less (Table II). These results
were interpreted as due to the large free volume of the
grain boundary component resulting from the increased
average interatomic spacings in the boundary regions.
The most significant change resulting from a reduction
in the grain size to the nanometer level is an increase in
the strength and hardness, which also is the least under-
stood and most controversial area. While the 0.2 pct yield
strength of a 25-nm grain size Cu sample was reported
to be 185 MPa, that of a sample with a 50-um grain size
was only 83 MPal>*5!.6! (Figure 7). Similar results have
also been reported for nanocrystalline Pd,1%6!62 Fe B34
Ni,!%! NbySn,*! and TiO,® samples. A reduction in
hardness with grain size was, however, reported for
Ni-P®! and by Chokshi et al.'® for Cu and Pd specimens.
The Hall-Petch relationship'®-¢” for conventional coarse-
grained polycrystalline materials suggests that the hard-
ness or yield strength of a material increases with a
decreasing grain size according to the equation

o= 0'0+de1/2

where d is the grain diameter, o is the 0.2 pct yield stress,
o, is the lattice friction stress to move individual dislo-
cations, and K is a constant. Accordingly, nanocrystal-
line materials are expected to show much higher yield
strengths. But, the slope K for a hardness or yield strength
vs d_ '/ plot is much lower in the nanometer range than
is seen at more normal grain sizes. However, it should
be realized that the above equation has certain limita-
tions. First, the strength value cannot increase indefi-
nitely to beyond the theoretical strength limit. Second,
any relaxation processes taking place at the grain bound-
aries (due to the very fine grain size) could lead to a
decrease in strength and, thus, an inverse d™'"? relation-
ship below some critical grain size. Third, it should be
realized that the Hall-Petch relationship was derived on
the basis of strengthening due to dislocation pileups at
physical obstacles. At extremely fine grain sizes, e.g.,
in the nanometer regime, the individual grains cannot
support more than one dislocation; and thus, the Hall-
Petch relationship may not be valid. (The interested reader
is referred to Reference 68 for a critical discussion of
the influence of grain size on mechanical properties of
conventional polycrystalline materials and the various
dislocation models for explaining the Hall-Petch rela-
tion.) Thus, it is logical to expect that the mechanism of
hardening/softening observed in nanocrystalline mate-
rials may be fundamentally different from that observed
in coarser grained metals.

Some attempts have been made recently to rationalize
the apparently conflicting results obtained on the
hardness/yield strength of nanocrystalline materials as a
function of grain size.

Since dislocation pileups are required for the Hall-Petch
relation to be followed and because the pileups cannot
form in materials with a grain size d < [, (where [, is
the dislocation spacing in the pileup®!), Nieh and
Wadsworth!™ suggested that when the grain size is be-
low [, other weakening mechanisms, e.g., viscous type
flow, set in and lead to a decrease in hardness with de-
creasing grain size. This could explain the situation in
nanocrystalline Cu (d = 8 to 16 nm and /. = 19.3 nm)
and Pd (d = 7to 13 nm and /. = 11.2 nm). The negative
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Table II. Properties of Nanocrystalline Metals Compared with Their Crystalline and Glassy Counterparts!':”!

Property Material Crystal Glass Nanocrystal

Thermal expansion (107°/K) Cu 16 18 31
Specific heat at 295 K (J/g/K) Pd 0.24 — 0.37
Density (g/cc) Fe 7.9 7.5 6
Elastic moduli (GPa)

Young’s modulus Pd 123 — 88

Shear modulus Pd 43 — 32
Saturation magnetization at 4 K (emu/g) Fe 222 215 130
Susceptibility (107® emu/Oe/g) Sb - 1 - 0.03 20
Fracture stress (GPa) Fe-1.8 pct C 0.7 — 8
Superconducting T, (K) Al 1.2 —_ 3.2
Activation energy for diffusion (eV) Ag in Cu 2.0 — 0.39*

Cu in Cu 2.04 — 0.64

Debye temperature (K) Fe 467 — 3

*Between 303 and 343 K and 0.63 eV between 353 and 373 K.

slope in Ni-P specimens has been explained on the
basis of the precipitation hardening due to the formation
of Ni;P on thermal annealing. However, this reasoning
does not explain all of the results obtained to date.[’!

As mentioned earlier, the grain boundary component
of the metal increases substantially as the grain size de-
creases. However, it has been recently pointed out that
triple junctions form an important component of the
microstructure at very small grain sizes." In fact, the
triple junction volume fraction displays a greater grain
size dependence than the grain boundary volume frac-
tion. For example, the triple junction volume fraction
increases by three orders of magnitude in the range of
100 to 2 nm, while in the same range, the grain bound-
ary volume fraction increases by little over one order of
magnitude. Thus, the negative Hall-Petch slope at very
small grain sizes in Cu, Pd, and Ni-P samples has been
explained on the basis of increased triple junction vol-
ume fraction at these grain size levels,” since it has
been earlier reported” that increased triple junction vol-
ume fractions lead to softening and enhanced bulk duc-
tility in polycrystalline materials.
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Fig. 7— Stress-strain curves for nanocrystalline (25 nm) (@) and coarse-
grained (50 um) (OJ) copper sample. ]
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Very high hardness**! and tensile strength values!!
compared to normal polycrystalline material have been
reported for nanocrystalline alloys produced by MA. It
has been suggested that these enhanced mechanical
properties are due to the fact that deformation in these
materials cannot occur by dislocation gliding."*3 Cryo-
milling (MA at liquid nitrogen temperature) leads to a
matrix of fine-grained (50 to 300 nm) aluminum with
dispersed 2- to 10-nm-diameter aluminum oxynitride
particles.™ This microstructure proved to be very re-
sistant to coarsening, even at temperatures approaching
the melting point of the material.

The fine grain sizes and the high rates of diffusivity
observed in the nanocrystalline materials suggest that
considerable creep deformation can occur even at room
temperature, since according to the Coble creep model,
the creep rate is proportional to D,/d’, where D, is the
grain boundary diffusivity and d is the average grain di-
ameter. This is indeed observed in nanocrystalline TiO,
and CaF, ceramic materials.!'!! However, constant-stress
creep measurements on nanocrystalline Cu and Pd sam-
ples®!-611 show that the observed creep rates at room tem-
perature are at least three orders of magnitude smaller
than predicted on the basis of the Coble creep model.
These observations require further investigation.

B. Layered Nanocrystals

Unlike the situation in equiaxed nanocrystalline ma-
terials, the Hall-Petch-type relationship appears to be
obeyed in layered nanocrystalline materials when the
microhardness is plotted as a function of the layer thick-
ness. This observation has been verified in vacuum-
deposited Al-2 to 15.3 wt pct Fe alloys with the Fe layer
spacing varying between 0.2 and 2.9 nm® and also in
Cu-15 to 60 wt pct Fe alloys.8 The layer thickness here
is defined as the sum of the individual layer thicknesses
of the constituent metals.

HardwickP” has recently reviewed methods for the
determination of thin-film mechanical properties with
emphasis on their strengths and limitations. The strength
properties of multilayer deposits (1-D nanocrystals) have
been calculated both theoretically’””! and experimen-
tally.[’8-81 Koehler!”” theoretically evaluated the effect
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of alternate thin layers of pure metals (or other materials)
with differing elastic constants on the ability of a Frank-
Read dislocation source to operate. He predicted that
dislocations will require a large externally applied force
to cause them to move from the material of lower elastic
constant into the material with the higher elastic con-
stant. When the lamellar thickness is small enough, the
Frank-Read source may not operate at all, in either layer,
leading to a situation in which single dislocations are the
mechanism by which plastic deformation occurs. This
suggests that the thin nanocrystalline layered structure
should exhibit resistance to plastic deformation and brit-
tle fracture well beyond levels exhibited by monolithic
homogeneous metals.”™! It can be predicted that the Frank-
Read source will not be able to operate because of the
restricting effect of the thickness (¢) of the lamellar nano-
structure when

t =32 wb/R

where b is the Burger’s vector of the Frank-Read source
dislocations and R is the ratio of the difference in elastic
constants divided by the sum of the elastic con-
stants.77-7%-821 This implies that when the layer thickness
is less than the dimension of the dislocation source, the
interface between the two layers restricts dislocation
generation because of the extreme bowing that the pinned
dislocation line segments would have to assume to con-
tinue to operate. For an Fe-Al nanostructure, this equa-
tion predicts that Koehler strengthening will occur when
the layer thickness of aluminum is less than about
47 nm.!8%

These theoretical predictions have been experimen-
tally confirmed. Lehoczky!”®™ found that the tensile yield
strength of Al-Cu increased inversely as the first power
of the layer thickness down to a value of 70 nm. Below
70 nm, the yield strength was 620 MPa and the ultimate
tensile strength 700 MPa, about 4 times greater than pre-
dicted from rule-of-mixtures. For Al-Ag laminates, where
the difference in elastic moduli is much less than in Al-Cu,
the critical layer thickness for Koehler strengthening was
230 nm and the strength increment was not significant.

The work by Lehoczky!”® 7 was a clear demonstration
of the validity of the predictions made by Koehler.[”!
Dramatic increases in microhardness and yield strength
have also been reported for electron beam vapor-deposited
Al-Fe multilayer deposits,® epitaxially evaporated lay-
ers of Ni/Cu films,®!! and electrodeposited 90 pct
Ni-10 pct Cu layered structures for a Cu layer thickness
below 400 nm.®% At 10-nm thicknesses, strengths of about
1300 MPa were obtained, more than a factor of 2 above
MONEL* 400 (66.5 pct Ni-33.5 pct Cu) and 3 times

*MONEL is a trademark of Inco Alloys International, Inc.,
Huntington, WV.

above 98 pct Ni-2 pct Cu. In all cases, elongations in
the range of 2 to 4 pct were noted. This work was sub-
sequently extended down into the smaller thickness re-
gime by Menezes and Anderson,® who demonstrated
that a maximum tensile strength occurred at a nominal
Cu layer thickness of 2 nm (18-nm-thick Ni layer).
Tribological (wear) studies indicated that composition-
modulated Ni-Cu layer coatings of 10- and 100-nm layer

1078 — VOLUME 23A, APRIL 1992

thickness offered increased resistance to both lubricated
and unlubricated sliding wear against steel than pure metal
(Ni or Cu) coatings, and the coating with the small layer
spacing showed the least wear, particularly at low loads.
This improved wear behavior was attributed to both me-
chanical strengthening (the Koehler effect), i.e., resis-
tance to wear deformation, and to a suitable boundary
film formation in the presence of paraffin oil.!8485:8¢

C. Supermodulus Effect

The elastic moduli of the layered structures have been
found to be strongly dependent on the thickness of the
layers. At a critical thickness of about 2 nm, the mod-
ulus sharply increased by a factor of 4 (Figure 8), and
this has been referred to as the supermodulus ef-
fect.!¥78881 This effect, however, is observed only in some
cases (e.g., Cu-Ni, Cu-Pd, Au-Ni, Ag-Pd) and only in
multilayered films that were highly [111] textured.®”
Table III summarizes the available data on the super-
modulus effect in multilayer deposits.®%-7

Theoretical models to explain the supermodulus effect
fall into two main groups.®” The first, a purely elec-
tronic interpretation, considers the interaction of the Fermi
surface with the artificial Brillouin zone boundary cre-
ated by the compositional modulation in the multi-
layer.[®! An elastic strain would tend to drag the zone
and the Fermi surface out of contact, resulting in destabi-
lization that would manifest itself in a stiffer crystal. This
model predicts critical periodicities that should lead to
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Fig. 8 —Variation of the flexural modulus with the wavelength of
modulation in as-deposited Cu-Ni foils of constant composition (about
50 at. pct Cu) and [111] texture.®®
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Table III. Supermodulus Effect in Layered Nanocrystals

Lattice Component Mutual Pct Lattice Supermodulus
Structures Couple Solubility Mismatch Effect References

Fcc-fee Au-Ni miscible 13.5 yes 90
Cu-Pd miscible 7.5 yes 90
Ag-Pd miscible 4.9 yes 91
Cu-Ni miscible 2.5 yes 92, 93
Cu-Au miscible 12.7 no 91
Pt-Ni no 94

Bcee-fee Nb-Cu immiscible 8.9 no 95
Mo-Ni immiscible 10.8 no 96

Hcp-fcc Ti-Ni immiscible 19.0 no 97

anomalously enhanced stiffness and wavelengths of crit-
ical contact close to 2 nm. A serious shortcoming of this
mode] is that it predicts both enhancements and reduc-
tions in the moduli in the same system as the entire com-
position modulation wavelength range is scanned; such
aresult is not observed experimentally. Further, the ther-
mal stability of the modulated structures has been ex-
plained on the basis of energy changes associated with
the Fermi surface-Brillouin zone interactions. However,
the easy homogenization of the modulated films even on
low-temperature annealing strongly suggests that any
electronic energy changes associated with the modula-
tion are small and unlikely to affect the elastic moduli.

The existence of large coherency strains that can be
generated in well-matched layers is the basis of the other
major theory to explain the supermodulus effect. Since
the coherency strains can be as large as a few percent,
they can result in atomic displacements out of the Hookean
region of the interatomic potential, leading to modulus
enhancements. Since these changes are due to an odd
(third) order effect, they can cause either increases or
decreases in the elastic constants, depending on whether
the layer is under compression or under tension.[%%
Further, this model is consistent with the homogeniza-
tion upon annealing. However, this approach cannot ex-
plain the origin of the sharpness of the maximum and
also why the modulus increase is not observed below
about 2 nm. One possibility is that the falloff in stiffness
might result from glass formation by interdiffusion, the
so-called solid-state amorphization process,'™ and it has
been reported®®® that Mo-Ni films show evidence of a
crystalline-to-amorphous transition as a function of mod-
ulation wavelength. However, the supermodulus effect
is not observed in Cu-Au modulated films, where co-
herency strains are large, even though it is observed in
Cu-Ni films having smaller coherency strains due to
closeness of the lattice parameters.

Thus, both theories are deficient in explaining all of
the observations, and more refined theories and further
experimental data are needed to provide an unambiguous
explanation of the supermodulus effect. For example, one
can investigate whether the supermodulus effect will be
observed in other like-lattice types (e.g., bcc-bee and
hep-hep) and whether the reduction occurs in other dis-
similar lattice types (e.g., fcc-hcp and bece-hep). Addi-
tional experiments with metals having different extents
of coherency can also establish the relative roles of co-
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herency strains and electronic effects as the causes for
the supermodulus effect. Recently, it has been sug-
gested!% that the supermodulus effect in multilayered
thin films is due (at least in part) to nonlinear elastic
effects caused by the large elastic biaxial strains gener-
ated in all of the layers by the surface stresses of inco-
herent interfaces. This could explain the modulation
wavelength dependence as well as the approximate mag-
nitude of the supermodulus effect.

Since the microhardness and yield strength of the
multilayer deposits increase by a factor of 4 to 5 as the
layer thickness decreases,!3192-1%4 this implies a parallel
with the supermodulus effect for metals with dissimilar
crystal lattices (e.g., fcc-bee), while in other cases, the
increase in strength with a decrease in layer thickness
may be explained by invoking the Hall-Petch relationship.

In all of the above cases, it should be remembered that
the mechanical properties of the samples will be influ-
enced by the impurity concentration (both during for-
mation and subsequent processing of the nanocrystals),
grain size or lamellar thickness variations, type and na-
ture of interfaces, porosity, and presence of cracks.

VI. CONCLUDING REMARKS

Nanocrystalline metals of the equiaxed, layered, and
filamentary types appear to offer signficant physical and
mechanical property advantages over conventional poly-
crystalline metals. In the equiaxed crystallite area, ex-
panded alloying possibilities, high ductilities, and
improved mechanical performance appear to offer the
major advantages for structural applications. It has been
demonstrated that below a critical grain size, macro-
scopically brittle materials, such as ceramics and inter-
metallics, become macroscopically ductile. This enhanced
ductility can improve the processability, after which the
material can be converted to a conventional-scale structure.

The microstructure and mechanical properties of the
equiaxed crystallites are only now beginning to be in-
vestigated in detail. The nature and morphology of grain
boundaries and other microstructural features (triple
junctions, intragrain defects, efc.) are yet to be fully
characterized and compared with coarse-grained mate-
rial. It is still being debated whether the Hall-Petch
relationship is obeyed at these fine grain sizes.

The majority of the investigations on equiaxed nano-
structures to date have been concerned with materials
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having a grain size of 5 to 10 nm. Conventional fine-
grained polycrystalline materials have grain sizes of about
1000 nm or larger. Hence, materials with grain sizes of
about 100 nm and also those in the 1- to 2-nm range
should be evaluated to determine the full range of pos-
sible properties as a function of grain size.

Again, for layered metal nanostructures, we are at an
early stage of exploration. The prospect of tailoring both
strength (Koehler effect) and elastic modulus (super-
modulus effect) by varying the layer thickness is an ex-
citing possibility. The effect of changing the layer behavior
by alloying, dispersion strengthening, and by combining
metals and nonmetals should allow even higher combi-
nations of strength and stiffness to be obtained. The in-
creased resistance to wear of the layered nanostructures
also offers some interesting applications, as does devel-
opment of novel textures. And in an overall tailoring
concept, corrosion behavior also can be controlled by the
layer thickness. Filamentary metal nanostructures offer
perhaps the greatest potential but are also at the earliest
stage of development, with only a few scattered articles
in the literature.

It will be interesting to compare more completely the
behavior of nanocrystalline, conventional crystalline
metals and glassy alloys as potential engineering mate-
rials. Several comparisons have been made between
crystalline and glassy alloys. However, a majority of the
nanocrystalline phases have been observed in pure met-
als, while conventional engineering alloys and glassy al-
loys are multicomponent systems. As such, a meaningful
comparison is difficult because of lack of sufficient data
on equivalent systems.
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