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The reduction of grain size to the
nanometer range (~2-100 nm) has led to
many interesting materials properties,
including those involving mechanical
behavior. In the case of metals, the Hall-
Petch equation, which relates the yield
stress to the inverse square root of the
grain size, predicts great increases in
strength with grain refinement."* On the
other hand, theory indicates that the
high volume fraction of interfacial re-
gions leads to increased deformation by
grain-boundary sliding in metals with
grain size in the low end of the nano-
crystalline range.’ Nanocrystalline ce-
ramics also have desirable properties.
Chief among these are lower sintering
temperatures and enhanced strain to
failure. These two properties acting in
combination allow for some unique ap-
plications, such as low-temperature dif-
fusion bonding (the direct joining of
ceramics to each other using moderate
temperatures and pressures). Mechanical
properties sometimes are affected by the
fact that ceramics in a fine-grained form
are stable in a different (usually higher
pressure) phase than that which is con-
sidered “normal” for the ceramic.*”® To
the extent that the mechanical properties
of a ceramic are dependent on its crystal-
lographic structure, these differences will
become evident at the smaller size scales.
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Models and Simulations of
Mechanical Behavior

It is uncertain how deformation takes
place in very fine-grained nanocrystal-
line materials. It has been recognized for
some time that the Hall-Petch relation-
ship, which usually is explained on the
basis of dislocation pileups at grain
boundaries, must break down at grain
sizes such that a grain cannot support a
pileup.”® Even some of the basic assump-
tions of dislocation theory may no longer
be appropriate in this size regime."" Re-
cently considerable progress has been
made in simulating the behavior of
extremely fine-grained metals under
stress using molecular-dynamics techni-
ques.'*™"® Molecular-dynamics (MD)
simulations of deformation in nanophase
Ni and Cu were cartied out in the tem-
perature range of 300-500 K, at constant
applied uniaxial tensile stresses between
0.05 GPa and 1.5 GPa, on samples with
average grain sizes ranging from 3.4 nm
to 12 nm." Each sample contained at
least 15 grains, that is, between 10° and
1.2 X 10¢ atoms. A second moment tight-
binding potential® with constant tem-
perature and constant pressure20 was
used together with periodic boundary
conditions. Nickel and copper were cho-
sen for the simulations because Ni is a
face-centered-cubic (fcc) metal with
a rather high stacking-fault energy,
whereas Cu has a low value. Extensive

https://doi.org/10.1557/5088376940005154X Published online by Cambridge University Press

databases on microstructure and me-
chanical properties exist for both metals.

Since the nature of the misorientation
of grains across a boundary in real nano-
phase samples may vary from random to
textured orientations,??? two procedures
were used to create the samples: a sto-
chastic Voronoi construction and a con-
strained stochastic Voronoi construction
in which the grain misorientations are
restricted to between 3°and 17°."% These
are denoted as high-angle (HA) and low-
angle (LA) samples. They were then an-
nealed at 300 K giving a final density
above 97% of that of a perfect crystal, the
exact value depending on the grain size.
(The density shortfall arises from the
high volume fraction of slightly lower
density grain boundaries.) The charac-
terization of the microstructure was
done by calculating atomic energy, coor-
dination number, and local crystalline
order in terms of a bond analysis tech-
nique.** This technique allowed a dis-
tinction to be made between fcc and
hexagonal-close-packed (hcp) atoms, the
latter being the stacking faults in an fec
matrix. Analysis of the microstructure
showed that whereas the mean energy
per atom in an LA and an HA sample is
approximately the same for a given mean
grain size, the HA sample has most of its
excess energy in the grain boundaries,
while in the LA sample the energy is
distributed between the boundaries
and the interiors of the grains as elastic
distortions.

Uniaxial deformation at the smallest
loads reveals that Young’s modulus
equals the value for a polycrystalline ma-
terial when the grain size is 10 nm or
higher. At smaller grain sizes a gradual
reduction in modulus is found with de-
creasing grain size, up to 25% in an HA
sample with a mean grain size of 3.4 nm.
At higher loads, following a transient pe-
riod after the load is applied, the strain
increases linearly with time for all grain
sizes.""*” Figure 1 shows the strain rate
versus the inverse of the grain size for
the Ni and Cu simulated samples. The
computed strain rates are high compared
with actual experimental values, but for
these small sample sizes (10~25 nm) any
relative velocity is still four orders of
magnitude smaller than the velocity of
sound. At the smallest grain sizes ex-
plored (<8 nm) the strain rate for a given
applied stress increases with decreasing
grain size. This behavior indicates that
the Hall-Petch slope is negative at these
very fine grain sizes. At larger grain
sizes the strain rate is rather insensitive
to grain size. An energy balance indi-
cates that at the smallest grain sizes

MRS BULLETIN/FEBRUARY 1999


https://doi.org/10.1557/S088376940005154X

Structure and Mechanical Behavior of Bulk Nanocrystalline Materials

studied, the total amount of grain bound-
ary remains constant during deforma-
tion.'>" These observations suggest an
important characteristic of plasticity in
nanophase metals under the present con-
ditions: there is no damage accumulation
during deformation, similar to the case of
superplasticity. The deformation mecha-
nism for grain sizes below 8 nm can be
described in terms of a model based on
grain-boundary viscosity controlled by a
self-diffusion mechanism at the disor-

dered interface activated by thermal en-
ergy and stress.""'® Calculations of the
activation energy give a value comparable
to the migration energy for self-diffusion.
Slices through several deformed HA
samples show an increase in the number
of small hep planes in the grain bounda-
ries with increasing deformation. Fig-
ure 2 depicts a slice of an HA sample
with 5.2 nm average grain size (a) before
and (b) after deformation. Small hep clus-
ters grow into planes during deformation,
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Figure 1. Strain rate versus inverse grain size for Cu deformed with 1.0 GPa and Ni
with 1.5 GPa.

Figure 2. Section of 5.2-nm grain-size Cu sample with (HA) grain boundaries

(a) before and (b) after 3% deformation. (Orange circles are hexagonal-close-
packed [hcp] atoms; green circles are other 12-coordinated atoms; blue circles are
non-12-coordinated atoms; and open circles are face-centered-cubic [fcc] atoms.
Hexagonal-close-packed clusters grow but remain in the grain boundaries.)
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but remain in the grain boundaries.
Only when much larger loads are applied
are stacking faults observed in the grain
interiors. At larger grain sizes fewer hcp
planes are observed at a given deforma-
tion time and under a similar load. The
deformation level is much less. These ob-
servations indicate a transition to another
deformation mechanism, probably one
based on dislocations. Nevertheless, sig-
nificant dislocation activity has not been
seen in the simulations, even in the 12-nm
HA samples. However in the textured
(LA) samples, where the larger degree of
coherence in the interfaces helps transfer
the shear component of the applied stress
into the grain interior, clear motion of par-
tial edge dislocations is observed, even
in the 5.2-nm samples. The 3D CAVE at
Virginia Tech is a powerful instrument
for locating and identifying dislocations;
measuring their Burgers vectors; charac-
terizing the nature of stacking faults; and
following the process by which partial
dislocations are created at the boundary,
travel across the grain, and are annihi-
lated at the facing boundary. Figure 3
shows three pictures taken in the CAVE
at different moments of deformation of a
5.2-nm textured (LA) Ni sample. For
clarity the fcc atoms have been removed,
the grain-boundary atoms have been
colored blue, and the hcp atoms red. In
the upper right-hand corner of Figure 3a,
a small hep cluster can be observed in the
grain interior. Figures 3b and 3c show a
partial dislocation and associated stack-
ing fault arising from the cluster and
moving out into the grain interior.

In summary, the computer simulations
show that at very small grain sizes inter-
granular deformation mechanisms sup-
plant intragranular mechanisms. The
large volume fraction of grain boundaries
leads to a softening of the material. The
competition depends not only on the grain
size but also on the grain-boundary type.

Structure of Actual
Nanocrystalline Material

While most models of nanocrystalline
material describe the mechanical behav-
ior of material that is free of defects
(other than the grain boundaries), actual
samples are likely to contain pores, flaws,
trapped gases, other impurities, and/or a
wide distribution of grain sizes. In the
case of nanocrystalline metals made by
inert-gas condensation,?® small-angle
neutron scattering has shown that most
of the 1-5% density shortfall arises from
the presence of small pores.”” (The grain
sizes of these samples were large enough
that the influence of the less-dense grain
boundaries on the overall density was
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Figure 3. A stacking fault attached to a partial dislocation (upper right corner) in (a) moves toward the grain interior in (b) and (c).
The sample in this simulation is 5.2-nm textured low-angle (LA) Ni. (Red and blue spheres are hexagonal-close-packed [hcp] and
grain-boundary atoms, respectively, while empty space indicates the face-centered-cubic [fcc] atoms that were removed for clarity.)

small.) Pore size scales with grain size.
These pores are stabilized by gas trapped
during processing.”® Larger flaws caused
by imperfect bonding of powder par-
ticles cause samples to fail in tension at
stresses well below failure stresses in
compression 2~

The average grain size of a nanocrys-
talline metal sample usually is obtained

from x-ray line broadening experiments,

and this value together with the corre-
sponding hardness or yield strength is
used in the construction of a Hall-Petch
plot. Such plots are then compared with
theoretical predictions to gain insight
into deformation mechanisms. However
describing a nanocrystalline structure by
a single grain size may be inappropriate.
Figure 4 shows a size distribution in a
nanocrystalline Cu sample, as measured
by transmission electron microscopy
{TEM). The sizes refer to coherently scat-
tering regions, that is, the size of the in-
dividual twins in this heavily twinned
material. Each data point represents the
relative number of coherent regions with
the given size, and the solid curve is a fit
of these data points to a log normal dis-
tribution. The dotted curve is a conver-
sion of this number density curve to a
volume-fraction distribution. The grain
size, measured by x-ray diffraction and
analyzed using the Warren-Averbach
method,” is 22 nm, which is close to the
peak value of the number density curve.
It is evident that describing this sample
on a Hall-Petch plot as representing me-
chanical behavior at 22 nm is question-
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able. Representing the structure by the
size of the twinned regions was chosen
because this is a size more appropriate
for determining dislocation behavior.
The nanocrystalline samples contain an
appreciable fraction of special bounda-

ries. While 23 twins are the most com-
mon, other special orientation relations
are present. Figure 5 shows 23 twins and
a 219 boundary in nanocrystalline Cu. The
frequent occurrence of special bounda-
ries across grains impacts the operation

0-25 R if‘ ]' 1 1 1 ij LR 1 [ 1 1—17} R "lil T 1 ]
i —— Number Fraction] ]
o2-ft\ (- Volume Fraction | —
§ 015 (W-A Peak at 22.2 nm) —j
= 0.1} -]
0.05 [ T .
O : Lo ’1’ 1 L | |° | 4 ]
0 50 100 150 200 250 300

Grain Size (nm)

Figure 4. Size distributions of the individual twins in a nanocrystalline Cu sample
made by inert-gas condensation and compaction. Data points are relative numbers
of twins in a given size range. The solid curve is a fit of a log normal distribution to
the data points; the dotted curve is a conversion of this number-fraction curve to a
volume-fraction curve. Warren-Averbach (W-A) analysis of x-ray diffraction data

gives a grain size of 22 nm.
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of deformation mechanisms dependent
on grain-boundary diffusion.’

From the beginning of nanocrystalline
research in ceramics, much of the work
has suffered from the difficulty of mak-
ing specimens that are both fully dense
and large enough to make traditional
measurements. The problem is related to
compaction. In order to obtain a homo-
geneously packed powder compact that
will sinter well, sufficient pressure must
be exerted to allow particle rearrange-
ment within the compact. Because a tre-
mendous number of particles per unit
volume exist when the particles are of
nanometer size, the frictional resistance
to sliding associated with the many in-
terparticle contacts is considerable. In
addition, nanoceramic powders ty pically
contain hard agglomerates (strongly
bonded clumps of crystallites) that need
to be broken before substantial particle
arrangement can occur. The final result
is that 1-9 GPa of pressure is required to
prepare samples that can attain full den-
sity and nanocrystalline grain size.”
This pressure translates into a sample
size about 1 cm in diameter (limited by
the force capability of the press) by about
1-2-mm thick (limited by the buildup of
residual stresses within the compact). As
a consequence of the sample size limita-
tions, much of the work in nanocrys-
talline ceramics, and in particular much
of the early work, was plagued by sam-
ples that were not fully dense. Porous
samples then (not surprisingly) gave rise
to such observations as abnormally low
elastic moduli and low hardness in
nanocrystalline ceramics.**” Fast diffu-
sivities were measured in porous speci-
mens because the porosity allowed
“bulk” diffusion to occur via fast surface
routes along the many internal and inter-
connected pore surfaces.® Porosity then
is a parameter to be consistently consid-
ered when evaluating data from nano-
crystalline ceramics. The same caveat
applies in the case of nanocrystalline
metals, although densities in the 98-99%
of the theoretical value now are fre-
quently obtained.

Mechanical Behavior of Actual
Nanocrystalline Material

Many, if not most, studies of the me-
chanical behavior of nanocrystalline
metals have provided data that are largely
a reflection of the influence of sample
imperfections. Early work seemed to in-
dicate that the elastic modulus of nano-
crystalline metals is far below that of
coarse-grain equivalents.**’ However
later measurements using improved
measuring techniques on nearly fully
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Figure 5. Transmission-electron-
microscopy picture showing (a) £3
twins and (b) a 319 boundary in a
nanocrystalline Cu sample. The
arrows in (b) indicate secondary
grain-boundary dislocations with
Burgers vector b = (1/38) (116).

dense samples showed that Young's
modulus is little changed from the litera-
ture value, at least down to the grain
sizes measured.”*' Results of MD simu-
lations predict that the grain size must
fall below 10 nm for substantial short-
falls in the modulus to be seen."® It is
difficult to make high-quality samples
with such small grain size. Because
nanocrystalline samples usually are very
small, most studies of their plastic prop-
erties have been limited to microhard-
ness measurements. Here too the sample
quality has had a strong effect on the
hardness values. As can be seen from
Figure 6 in Reference 30, hardness values
in nanocrystalline Cu increased by about
a factor of two as the quality of the
samples improved. The overall trend in
both older and newer sets of data is an
increase in hardness as the grain size in
the samples drops. However stress-strain
curves on small tensile samples (“mini”
samples) cut from the 9-mm as-
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compacted disks show little change of
yield stress with grain refinement (Fig-
ure 6a).*" It is believed that processing
flaws cause brittle fracture in this strong
material in which dislocation activity,
which normally would blunt the cracks
and increase fracture toughness, is hin-
dered or suppressed. In order to decrease
the probability of finding such a flaw ina
specimen, tensile testing has been per-
formed with unique instrumentation at
Johns Hopkins University that permits
stress-strain curves to be taken on “mi-
cro” samples with a gauge length of only
300 um and cross section of 200 X
200 um.*? (The gauge section is approxi-
mately the size of Lincoin’s bow tie on
a penny.) The results of tests on nano-
crystalline Cu and Ni are shown in Fig-
ures 6 b—d. The tensile yield stress of the
nanocrystalline Cu sample increased by
about 1/3 as the volume of the gauge sec-
tion dropped by a factor of 250. Similar
results were found on another Cu sample
that was tested in both the mini and mi-
cro systems. The nanocrystalline Ni
sample deformed almost entirely elasti-
cally. TEM examination showed that the
Cu sample contained many more large
grains than the Ni sample, which re-
mained mostly nanocrystalline. Evi-
dence of dislocation activity was seen in
the large grains in the Cu. This activity
probably contributed to the limited plas-
tic deformation noted in the Cu, whereas
the Ni deformation was primarily lim-
ited to elastic strains. Note the high ten-
sile strength values for both the pure Cu
and Ni. To mitigate the effect of flaws,
stress-strain curves were generated in
compression. It can be seen that the Ni
still undergoes only elastic deformation,
finally breaking at over 2 GPa (Figure 6d).
This value is within about an order of
magnitude of the theoretical shear
strength for Ni. The compressive yield
strengths for Cu are shown on the Hall-
Petch plot of Figure 6a. These yield
strengths are consistent with the hard-
ness results (1/3 the Vickers hardness is
a rough measure of the yield strength)
and lie close to the line extrapolated from
coarse-grain data. Figure 6a hints ata de-
crease in the slope of the Hall-Petch rela-
tion at the smallest grain sizes measured.
The turndown in slope may indeed be
real, but it also may have resulted from
poorer quality of these samples, which
could not be warm-compacted because
of grain growth problems. It is interest-
ing to note that the hardness and com-
pressive yield strengths appear to lie on
smooth curves using the nominal grain
size determined from Warren-Averbach
analysis of x-ray line broadening measure-
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Figure 6. (a) Hall-Petch plot for nanocrystalline Cu. Tensile tests done on “mini” samples. The solid line is extrapolation from
coarse-grain results; (b) tensile stress-strain curves for nanocrystalline Cu with nominal grain size of 26 nm, showing comparison of
results from a “mini” sample and a “micro” sample cut from the same disk; (c) tensile stress-strain curve for “micro” sample of
nanocrystaliine Ni, nominal grain size 28 nm; (d) compression curves for three Ni samples, nominal grain size of 21 nm. See text for

explanation of the terms “mini” and “micro”.

ments, yet data such as seen in Figure 4
show that the internal structure cannot
be characterized by a single grain size.
The two greatest advantages currently
offered by nanocrystalline ceramics over
conventional ceramics are their lower
sintering temperatures and enhanced
strain to failure. For example, in the case
of titania, an approximately 600°C reduc-
tion in sintering temperature can be ob-
tained by using nanopowders. However
it is important to note that this reduction
depends much more on the size of the
agglomerates in the powder than in the
size of the crystallites.**"** Powders com-
posed of large agglomerates sinter poorly,
despite the nanometer scale of the indi-
vidual crystallites or grains within the
agglomerates. Nevertheless, if agglomer-
ation can be avoided, the potential for
low-temperature sintering is significant.
This feature may allow nanoceramics to
be co-processed with metals in ways
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heretofore unrealized and also may sig-
nificantly reduce the energy costs typi-
cally associated with ceramic processing.

The second major advantage of nano-
crystalline ceramics is the extended
strain to failure. This phenomenon, well-

documented in submicrometer-grained .

oxide ceramics, allows these normally
brittle materials to exhibit enormous
ductility under conditions of moderate
stress and temperature.**** Deformation
takes place completely in the solid state,
and elongations to failure typically are
in the range of 100-800%, a significant
improvement over the usual 0-2%. The
primary requirement for this superplastic-
like behavior is a fine (<1-2 um) grain
size. Given that nanocrystalline ceramics
have an even finer grain size than sub-
micrometer-grained ceramics, it is not
surprising that they exhibit even larger
strains to failure. The phenomenological
equation for superplastic flow suggests
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that nanacrystalline ceramics should de-
form at faster rates, lower stresses, and
lower temperatures than their large-
grained counterparts.”” These predic-
tions have all been borne out in practice.
Figure 7a shows the acceleration in strain
rates that takes place upon a fourfold re-
duction in grain size in yttria-stabilized
zirconia.®® Another similar reduction in
grain size would put this material in the
interesting position of deformation at
stresses and strain rates typically used
for commercial superplastic forming of
metals. Lower temperature deformation
also was observed. Note the approxi-
mately 300°C drop in superplastic form-
ing temperature for 40-nm titania, as
compared to titania with 1-um grain
size (Figure 7b)."""* The forming tem-
perature for nanocrystalline titania (the
ceramic) is actually about 250°C below
that for commercial superplastic tita-
nium (the metal), although the stresses
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temperature;® (b) nanocrystalline rutile (TiO2) achieves the same forming rates
under comparable stresses as micrometer-grained rutile, but at 250—300°C lower
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are higher.

It should be noted that most of the data
currently available on the stress-strain
behavior of nanocrystalline ceramics
is from small compression speci-
mens.**'"*** Tensile behavior has yet to
be quantified. (As a result, strictly speak-
ing, the large strains observed in these
materials do not fit the definition of
superplasticity, which must occur in ten-
sion.) Large-scale applications of nano-
crystalline “superplasticity,” such as
bulk near-net-shape forming from solid
nanocrystalline ceramic stock, still await
suitably sized pieces. However these size
limitations have not dampened the en-
thusiasm for exploiting nanocrystalline
superplasticity in other arenas. Two
applications-oriented uses of superplas-
ticity are diffusion bonding and sinter-
forging. In diffusion bonding, two ceramic
parts are pressed together at moderate
temperatures and pressures to form a

seamless bond through diffusion and
grain growth across the interface. The
large deformations help this process by
providing perfect mating: the surface
roughness of one part is accommodated
by the flow of the mating part to fill the
interstices. As Figure 8 shows, such bonds
are more easily made in nanocrystalline
ceramics than in larger grained ceram-
ics, due to both the enhanced plastic flow
of the former and the greater number of
grain boundaries nanocrystalline ceram-
ics provide for diffusional flux across the
interface.”™ Recently Ferkel and Riehe-
mann® have shown that excellent diffu-
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sion bonds can also be achieved using a
well-compacted interlayer of nanocrys-
talline powder between the pieces to be
joined. Sinter-forging is a second applica-

] il
2100 pm.
7 H »{"t

Figure 8. (a) Nanocrystalline and

(b) submicrometer-grained blocks of
3Y-TZP joined together by diffusion
bonding at 1090°C under 10-MPa
pressure. Arrows point to joint
location on the nanocrystalline
sample.*®
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tion for the extensive plastic flow in nano-
crystalline ceramics, and one which is
gaining visibility because it solves one of
the material’s major problems: poor sin-
tering behavior associated with the (typi-
cally) high levels of agglomeration. The
large, “unsinterable” pores in ceramic
bodies can be filled in by internal super-
plastic flow of the surrounding matrix
under the right conditions of tempera-
ture, strain rate, and so on. Technically
the operation differs from hot pressing
only in that a closed die is not used. The
results can be impressive. Large pores
that do not disappear after six hours (and
more) in pressureless sintering vanish
completely in the first few minutes of
sinter-forging.***

Conclusions

The prospects of exceptionally high
strengths in nanocrystalline metals and
large ductility in nanocrystalline ceram-
ics are strong drivers to bring about the
necessary improvements in synthesis
and processing. While considerable
progress has been made, much work re-
mains to be done in order to gain an un-
derstanding of deformation mechanisms
in the fascinating grain-size range of
~3-15 nm.
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