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Abstract

The microstructure and grain boundary structure of nanocrystalline Cu powders and a compact
prepared by the inert-gas condensation technique have been characterized by transmission
electron microscopy. The as-prepared particles are round in shape and have no distinct surface
facets. Annealing twins (coherent Z3 boundaries) have been observed in the as-prepared Cu

particles as well as in the compact. Pores are commonly found at grain boundaries, triple grain
junctions and some in the interior of grains in the compact. In addition to twin boundaries, a
number of special grain boundaries have been observed. These special grain boundaries have
low-index interface planes, and sometimes have misorientation angles close to coincidence site
lattice (CSL) orientations.
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‘. Introduction

Nanocrystalline materials have been attracting rapidly increasing interest in the last decade and
have the potential of revolutionizing traditional materials design in many applications via
atomic level structural control to tailor the engineering properties [1,2]. In addition to
interesting physical properties in the areas of magnetics, catalysis, and optics, this class of
materials also exhibits a broad range of fascinating mechanical behavior. Superplastic
deformation behavior has been observed at significantly lower temperatures in ceramic
nanoscale materials [3]. Ultrahigh harnesses have been measured in nanoscale superlattices
made up of metallic and ceramics [4]. Tensile and compressive strengths in nearly all material
systems studied have shown anomalously high values at the nanometer length scale [51. The
structural constraints may also stabilize metastable phases with unique properties, which are
not available by conventional processing routes [6]. In general, materials behavior is seen to be
dramatically altered when structural dimensions are in the nanometer range. The potential for
capturing the extraordinary engineering capabilities that may be afforded by ultrafine-scale
microstructure requires a substantial advancement of the current understanding of the relation
between atomic scale structure and mechanical properties.

Inert-gas condensation (IGC) and compaction has been a major synthesis route to produce
relatively impurity-free nanocrystalline materials for bulk mechanical properties
characterization [7]. These materials have shown reduced modulus compared with their bulk
counterparts, which has been attributed to porosity [8-10]. Despite the porosity issue, it has
been shown consistently that nanocrystalline Pd and Cu have yield strengths 7-10 times higher
than annealed coarse-grained Pd and Cu. [11,12], even though the elongation to failure varies
significantly among the different studies [8, 12-14]. The latter could be due to the sensitivity of
the various test method to structural defects such as porosity in nanocrystalline materials [15].
Creep behavior has also been characterized in nanocrystalline Cu and Pd, which shows that the
creep rates are two to four orders of magnitude smaller than the values predicted by the
equation for Coble creep [16]. These results demand a thorough structural analysis of the
materials, and the objective of the current study is to characterize the microstructure of
nanocrystalline Cu powders and compact prepared by the IGC technique.

Experimental Procedure

The production of nanocrystalline materials by IGC was carried out at Argonne National
Laboratory. The process involves cluster formation in high purity He of evaporated Cu atoms,
their collection on a liquid nitrogen cold finger, and subsequent vacuum compaction of the
clusters in a heated die. The detailed procedures have been described previously [7]. In order
to examine the clusters of atoms in the as-condensed form, 3mm Cu grids with holey carbon
film were placed on the liquid nitrogen-cooled cold finger to collect the powders. The powders
were then examined by high resolution transmission electron microscopy (HRTEM) to
determine the size, shape and orientation of the particles. The ~ompaction of nanocrystalline
powders was conducted at 1800(2 under a uniaxial stress of 1.4 GPa at a pressure of 8x10-7
ton. The compact was made into TEM samples by cutting, mechanical thinning, and ion
milling to perforation at low angle and low voltage to reduce potential ion-milling damage.
Conventional TEM (Philips CM 30), high resolution TEM ( JEOL 3000F) and a dedicated
STEM (VG HB601) have been used to characterize the microstructure, grain boundary
structure and chemistry of the nanocrystalline Cu compact.
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‘. Results.

Powders

The as-condensed powders consist of nanocrystalline clusters of atoms as exemplified by a
HRTEM image of Cu particles shown in Figure 1. The particles appear to be round in shape
and have no distinct surface facet. From a series of HRTEM images the grain sizes of the
particles were estimated to fall mainly in the range of 5 nm -10 nm. Careful examination of
particles in Figure 1 reveals the presence of twins (as indicated by white arrows) in larger
particles, > 5nm in size, while smaller ones seem to be free of any defects. The formation of
annealing twins is well documented in vapor phase deposited Cu, and has been attributed to
the preference of the particular growth modes on {111} surfaces [17]. It should also be noted
that agglomeration of particles has been commonly observed at this stage, as shown in Figure
2. The three particles (A, B, and C) have joined together and formed grain boundaries among
them. It is interesting to note that there is no porosity in the aggregate, moreover, the grain
boundary planes are often of low crystallographic indices (e.g. {111} planes). Some
boundaries even have misorientations close to the ones of special coincidence site lattice
(CSL) [18], such as the one between A and C which is close to a Z3 orientation with a high

index habit plane.

Figure 1 HRTEM images of as-condensed Cu powder which contains Z3 twin boundaries, as

shown by white arrows.
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Figure 2 HRTEM images of a cluster of three particles (A, B, and C). The cluster contains no
voids, and the grain boundary planes are of low crystallographic indices.

Compact

The microstructure of a Cu compact has been examined by conventional TEM, and a
representative image is shown in Figure 3. The nanocrystalline grain structure is clearly seen
in Figure 3 and the average grain size has been estimated to be -50 nm, with a number of
larger grains (> 100 nm) present in the compact as well. The density of the compact has been
measured by Archimedes technique to be - ‘98%, and the porosity of the sample is clearly
visible in Figure 3. Pores of the size - 3-5 nm can be seen at the grain boundaries and triple
junctions. In addition, very large grains also have pores in the interior of the grain, which
could have been trapped during grain growth in the compaction process.

From Figure 3, it should also be noted that a lot of the grains contain twins. Figure 4 shows a
HRTEM image of multiple twins within a single grain. The twin boundaries appear to be
pIanar with no apparent facets and the twinned regions are comparably wider than those
normally resulting from a deformation twinning process. The twins most likely resulted from
the vapor phase synthesis process and have been retained after the compaction. It is also worth
noting that the grain boundary plane in Figure 4 is close to the {11 1), which is the close-
packed-plane of fcc Cu.
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Figure 3 TEM image showing the grain structure and porosity (dark arrows) in the Cu
compact.

Figure 4 HRTEM image showing the multiple twins within a single grain in the Cu compact.
The grain boundary is very close to a {111} plane of the twinned grain.
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: Inaddition to the special
‘examined. Figure 5 shows

twin boundaries, a number of other grain boundaries have been
a HRTEM image of a boundary in the compact. The lattice images

show that the two grains neighboring the boundary are both close to the <110> orientation
with a misorientation angle of - 24.5° between them. This is close to a S19 CSL tilt

disorientation of 26.53° about a <110> axis. The grain boundary habit plane is close to a
{100) plane of Grain I and {111} plane of Grain II. A periodic array of dislocations can also
be seen at the grain boundary with an average spacing of 17A. By taking into account the
misorientation angle and from Frank’s rule, the magnitude of the Burger’s vector can be
estimated and is found to be consistent with the Burgers vector of 1/38 <116>, as expected of a
El 9 boundary. It should also be noted that the boundary plane doesn’t appear to be planar,

instead, some local facetting can be seen along the length of the boundary.

X,ray energy dispersive spectroscopy has been utilized to examine the composition and
impurity content in the vicinity of grain boundary [19]. By utilizing a 1 nrn probe in the VG-
STEM, the compositions of the grain boundary vs. the interior of the grain have been
compared. No difference in the composition profile can be detected between the two, which
suggests that the nanostructured Cu is free of detectable contamination at the grain boundary.

Figure 5 HRTEM imageofa219 boundary in a nanostructured Cu compact. A periodic array

of dislocations (white arrows) can be seen at the boundary.

Discussion

It is very likely that the surface atoms of the as-condensed IGC powders have significant
mobility as evidenced by the absence of porosity in the clusters of particles and the low-index
grain boundary planes. In addition, the occurrence of special CSL type grain boundary
misorientations (e.g. Figure 2) also suggests that there may have been enough local diffusional
activity to accommodate the coalescence of particle clusters and to reach low energy
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. configurations. This coalescence of clusters and their rearrangement is likely to occur above
the heated boat that produces the evaporating atoms, or perhaps during convection to the coId
finger.

From the limited areas TEM and HRTEM can probe, the presence of low-index grain
boundary planes and special grain orientations in the as-condensed particles were found to
manifest into the compact as well. One has to point out that HRTEM analyses require at least
one if not both of the grains adjacent to the grain boundary to be aligned crystallographically
along the electron beam direction. Consequently, these results and analyses may be special and
selective. Nonetheless, the unusually high number of boundaries that show a low-index grain
boundary plane and close to low-energy boundary configuration in our observations may be
pointing out a unique feature of the nanostructured compact prepared by the IGC technique.

Apparently, the compaction temperature is not high enough to produce a fully dense compact,
and pores of the size of 3-5 nm have been left in the compact. Possibly the presence of these
pores, or the “fault lines” between agglomerated clusters that did not form good bonds during
compaction may explain the limited tensile ductility observed. However, there may be other
deformation processes involved when the grain size is reduced to the nanometer range, which
need to be addressed in depth in the future.

The presence of special grain boundaries limit the number of high diffusivity paths for vacancy
flow below what would be expected if they were all random high angle boundaries. The low
creep rates measured on similar compacts [16] may be explained on the basis of the high
fraction of special grain boundaries. An alternate explanation could be the presence of
impurities at the grain boundaries that would hinder the climb of grain boundary dislocations.
However the high resolution STEM measurements fail to detect any impurities in the vicinity
of the grain boundaries. The STEM measurements confirm that the nanocrystalline compacts
made by the IGC technique are of high purity. It shows that these materials are free of
contamination, a problem to which nanocrystalline metallic powders are notoriously prone.

Conclusions

The microstructure and grain boundary structure of nanocrystalline Cu powders and compact
prepared by IGC techniques have been characterized by TEM. The following summarizes the
main findings of the study.

1.
1.

2.

3.

The as-condensed particles are round in shape and have no distinct surface facets.
Numerous annealing twins (coherent Z3 boundaries) have been observed in the as-

prepared Cu particles as well as in the compacts.
Pores are commonly found at grain boundaries, triple grain junctions and some in the
interior of grains in the compact. The porosity problem may lead to premature failure and
limited tensile ductility.
A number of special grain boundaries have been observed. These special grain boundaries
have low-index interface planes, and sometimes have misorientation angles close to special
CSL orientations.
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