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We present a detailed analysis of grain-boundary structures in computer-generated Cu and Ni three-
dimensional nanocrystalline samples. The study includes both totally random and textured microstructures with
grain sizes in the range of 5—12 nm. A detailed direct visualization technique is used at the atomic scale for
studying the grain-boundary structural features. The study focuses on determining the presence of regions in
the boundary exhibiting order and structural units normally expected for high-angle boundaries. For low-angle
boundaries we investigate the presence of dislocation networks accommodating the misfit between the grains.
A significant degree of crystalline order is found for all the boundaries studied. The highest degree of structural
order was identified for boundaries with misfits within about 10° deviation from the perfect twin. These grain
boundaries contain a repeated building structure consisting of structural units typicalo8 aymmetrical tilt
twin boundary and highly disordered steps between those structural units. For all other types of misfit, we also
observe some degree of structural coherence, and misfit accommodation occurs in a regular pattern. The cases
studied include grain boundaries with a high-index common axis and show structural coherency that is inde-
pendent of the grain size. Similar results are obtained for textured samples containing only low-angle grain
boundaries, where regular dislocation arrays that are typical of larger grain materials are observed. These
results provide evidence against the view of grain boundaries in nanocrystals as highly disordered, amorphous,
or liquidlike interfaces. The results suggest that the grain-boundary structure in nanocrystalline materials is
actually similar to that found in larger grain polycrystals.

[. INTRODUCTION quantitative dislocation model of crystal boundaries cannot
be applied for misorientation angles exceeding about 15° be-

The reduction of the grain size down to the nm regime hasause the dislocation spacing becomes small enough for the

2 ; cores to overlap. In that case, the energy of the boundary
opened new and fascinating avenues for research in severa . . X
. . .may approach a constafrelatively high value independent
aspects of materials science. At the lower end of the grain : . )
) . of the angle, with cusps in energy corresponding to some
size range obtainable nowadays, about half of the atoms be- . " ; : : o
Special coincident site lattice boundaries. It is still under de-

long to, or are affected by, the presence of interfaces. GralBate what the atomic arrangement in general boundaries is.

blourtl_daélefs aret_bellefved :]O pI?y 'al preﬁﬁmlnm; roclletmI th tandard textbooks suggest that one possibility is that there
plastic detormation of such materials, although the detalls Ojs 5, ajternation of coherent regions and noncoherent re-

how preci_sely deformation occurs are still uncertain. _ gions, whose shape and size would depend on the
The microstructure and properties of the nanocrystallingyisorientatiorf The structure of boundaries with misorien-
materials are strongly dependent on the fabrication procedukgyions that are in the vicinity of a certain coincident site
(for example, pulsed electrodeposition, severe plastic defoliuttice houndary can exhibit regions in their structure that are
mation, ball-milling, or inert gas condensat/dn® Some of  similar to that of a coincidence site boundary and other re-
the fabrication methods have a tendency to produce samplgfons that can be more disordered. The actual position of the
with a significant degree of crystallographic texture, whereagitoms in these latter regions might be even random or liquid
for other proceduregusually those where the precursor is alike. Another possibility is that the misfit region between
nanopowdertexture is not observed. neighboring crystals resembles that of adjacent regions of
If the grains in a nanocrystalline sample are randomlyshort-range order in liquids, and the boundary can be viewed
oriented, low-angle boundaries are expected to be rare andas a liquid monolayer boundary. The excess energy per atom
is therefore reasonable to assume that most boundaries a@rsolved in such a high-angle boundary is then approxi-
large-angle boundaries. In coarse grains and for some largeately equal to the latent heat of fusion. Research on ideal,
angles, coincidence site latti¢€SL) boundaries develop, planar bicrystal interfaces has been enriched by the contribu-
which can be viewed as particularly low-energy arrangetion of combined computer simulations and careful
ments of grain-boundary dislocatiohsEor this kind of  experiments—1
boundaries, a detailed description is more difficult. The Controversial results have been reported for the structure
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of grain boundaries in nanocrystalline materi@s’l Two  operating for the smallest grain sizes explored. To interpret
extreme pictures have been proposed: the earliest, sufhese observations at small grain sialiding regime, we
ported by some experiments and computer simulatibns, assumed that macroscopic displacement is the result of
suggests a nonequilibrium, highly disordered “frozen-gas-grains sliding against each other, obeying a general nonlinear
like” grain-boundary structure, substantially different from viscous behavior with standard thermal- and stress-assisted
structures in coarse-grained polycrystalline materials. Moré@ctivation processes. The activation energy and volume indi-
recent experiments suggest that grain boundaries in nan&ate that the elementary microplastic event is an atomic jump
crystalline materials are not anomalous, but similar to thosd & disordered region. The determination of the actual grain-
found in polycrystalline materials. The studies in the litera-POUndary structure as a function of grain size is critical to
ture use different measuring techniques, which are often ndinderstanding the deformation mechanism in the nanophase
directly comparable. Another problem is the different Syn_samples.

thesis techniques and different aging and annealing histori In the present work, we fogus on the ;tudy _of_the Inter-
used in the various experimental studies. A considerable e aces responsible for the pla}stp deformation, aiming at pro-
iding a structural characterization of them. We report a de-

fort both in refining experimental techniques such as x-ra)y ; : .
diffraction and absorption measurements and high-resolutioFF"led analysis of the microstructure of sev_eral relaxe_d,
electron microscopy, and in comparing different synthesiémdef(.)rmed’ nanophase samples,_namely, Ni 12 nm, Ni 8
techniques is required to clarify this controversy. nm, Ni 5.2 nm, Cu 12 nm random high angl¢A) and Cu 8

For some simple materials for which reliable interatomic™™ textured low angléLA).
potentials exist, molecular dynamics computer simulations
provide an atomistic view of the microstructure through the
mean-field approximation of atomic interactions. Several
“fabrication” procedures for nanocrystalline metals have We use two different procedures to create the nanocrys-
been explored, which can be characterized by the degree tdlline samples based on unconstrained and constrained sto-
relaxation that is allowed in the synthesis process. In the casghastic methods. In the first one, the simulation cell volume
of the sintering of two isolated Cu nanoparticles, a case ois filled with nanograins grown from seeds with random lo-
minimum imposed constraints, Zhu and Averb&ahowed cation and crystallographic orientation; the space is filled
that the large surface-to-volume ratio generates strongntil the grains overlap each other, according to the Voronoi
enough driving forces to induce rotation, plastic deformationconstructiort® In the second procedure, the grain misorien-
and densification. As a consequence, a low-angle graitations are still chosen at random, but constrained to be less
boundary results even for random initial misorientation. In-than a given angl€l17° in this casg We refer to these pro-
troducing more constraints, simultaneous sintering of severaledures as HA and LA samples, respectively. The Voronoi
Pt particles at different applied pressures was analyzed bgrocedure gives irregular Wigner-Seitz polyhedra, whose
Liu et al?* They report several phenomena such as surfacéaces, the grain boundaries, result randomly oriented as well.
rounding, neck formation, void formation and shrinking, andThe samples are then relaxed for 50—100 p at 300 K using
cluster extrusion. The resulting grain boundaries are verynolecular dynamics, giving a metastable equilibrium state
narrow and exhibit only localized disorder. Imposing evenwith final density between 96% and 97% of the perfect crys-
more constraints, Phillpot and W&ifstudied the synthesis tal value. Further relaxation at this temperature does not
of a fully dense Lennard-Jones nanocrystalline materiathange the overall density and does not induce significant
grown by crystallization from the melt. The sample was de-grain growth or rotation. The density is related to the grain-
signed to have eight crystalline seeds with particularly choboundary type and mean grain size and is quite insensitive to
sen orientations such that well-defined high-angle boundariethe relaxation procedure. Simulations done under hydrostatic
were formed. They found that these boundaries differ fundapressure up to 10 GPa and 500 K followed by relaxation still
mentally from those well known from bicrystal studies. In do not produce an increase in den&ty
particular, they observed low-density regions in the grain In order to study the effect of grain size, the Ni 5.2 nm
boundary, absence of long-range periodicity, narrower grainand the Ni 12 nm HA samples were constructed using the
boundary energy distribution, and larger grain-boundarysame set of random locations and orientations. The same
width, with a narrow distribution as compared to bicrystals.microstructure appears in both samples with boundaries that
Based on these simulations, they suggested a simple strubave exactly the same misorientations and orientation of the
tural model for grain boundaries in nanocrystalline materialgrain-boundary planes. These samples differ only in their
based on a “cementlike” phase, reminiscent of Rosenhain’scale, that is, the number of atoms, and therefore the grain
amorphous-cement modél. size. This comparison allows us to study the same grain

In our previous work’*°we performed detailed simula- boundary for different grain sizes, isolating the effect of
tions of uniaxial tensile deformation in Cu and Ni model grain size on grain-boundary structure.
nanophase samples, with grain sizes of 3.4—12 nm, in a tem- As a description of the interatomic interaction, we use the
perature range of 300—500 K and with uniaxial tensile stressecond momenttight-binding potentials for Ni and Cu
from 0.05 to 1.5 GPa. We analyzed the behavior of two(Ref. 33 in the Parrinello-Rahmaf approach. In order to
classes of boundaries: completely randgmostly high assess the dependence of our results on the interatomic po-
angle and texturedwith misorientations restricted to below tentials used, we have also tested samples relaxed using two
17°, low angle. Intergrain sliding as well as intragrain dis- other interatomic potentials. The first one is the embedded
location activity was observed as a function of grain size ancitom methodEAM) potential for Ni developed by Baskes
stacking fault energy, with sliding being the only mechanismet al3® The second one is a more recent interatomic potential

Il. COMPUTATIONAL TECHNIQUES
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for Ni developed on the basis @ib initio calculations and

also using the EAM frameworf The latter potentials accu-

rately reproduce many experimental properties, including the

stacking fault energy as well aab initio calculations of

structural energies of metastable configurations. This lattel

feature helps ensure that the potential will perform well in

situations far from equilibrium. We choose Cu and Ni as

model materials because they have very different stacking

fault energies and therefore enable us to study the effect o

stacking fault energy on the observed grain-boundary struc;

ture. a b
We use periodic boundary conditions in all three direc-

tions and sample sizes that are between ditd 16 atoms. FIG. 1. Cross sections of Ni 5.2-nm HA samgl® and Ni

The molecular dynamics computational procedure used i$2-nm HA sample(b). Only atoms with non-fcc crystalline order

described in more detail in our previous w0 are represented. The samples have similar microstructure, but dif-
The selection of the boundaries studied was done basd@rent average grain sizes.

on the overall microstructure and included the boundaries

that seemed the most ordered as well as those that seemed Ill. RESULTS

the most disordered. Since it was not possible to analyze all A. High-angle Ni and Cu samples

the boundaries present, we started with a two-dimensional _. . .

visualization of cross sections of the sample every 0.5 nm Figure Xa) shows a cross section of _the Ni 5.2-nm HA

sample. Only atoms with non-fcc crystalline order are repre-

and chose a number of representative boundaries. The SEanted. The corresponding slice in the larger grain sample Ni

lected grain bogndaries _represent odiﬁereont misorientationiz_nm HA is given in Fig. (). Both samples have the same
between the grains, ranging from 9° to 75°. number of grains with exactly the same orientation for each

As an analysis tool, we investigate the coordination UMy ain These cross sections show that the samples have simi-
ber and type of each atom in the sample using the topologicgh, microstructure, but different average grain sizes. The
medium-range-order analysis developed by Honneycutt anyger grain sample has a microstructure that is a scaled-up
Anderser?, which is based in the classification of atom version of the microstructure of smaller grain sample. There-
pairs. This technique is based on determining the configurafore, all the grain boundaries in the small grain sample have
tion of the common neighbors of a selected atom pair ang corresponding boundary in the larger grain sample with the
associating each possible configuration with a four-digitsame set of misorientation parameters and equivalent orien-
number. The first digit indicates whether the atoms in thetation of the grain-boundary plane. The only difference be-
selected pair are nearest neighbdnsor not(2). The second tween these samples is the grain size. In Fitp) e have
digit is the number of the common nearest neighbors of théndicated two of the grain boundaries analyzed, denoting
pair, while the third digit counts the number of bonds amongthem by GB1 and GB2. For all of them, we prepared smaller
the common nearest neighbors Finally, the last digit tells usections of the full samples to be able to visualize the struc-
the number of bonds in the |0ngest continuous path that goéglre in d_etail_at an atomic level. Slmllarly oriented sections
through the common neighbors. The above procedure prg'e cut in Ni 12-nm HA and Ni 5.2-nm HA samples for
vides a distinction between fcc and hcp structures, even takomparison.

ing into account only nearest-neighbor pairs. An arbitrary The color in subsequent figures is used to distinguish the

atom in a perfect fcc structure forms only 1421-type pairsfour types of atoms defined after the Honneycutt-Andersen
nalysis: gray atoms are fcc atoms, red atoms are hcp co-

with its 12 nearest neighbors, while in the case of the hcﬁl dinatod ‘ ther 12 dinated at d
lattice one would find six 1421 and six 1422 pairs. Using thiglrdinated, green atoms are othér 1z-coordinated atoms, an
blue atoms represent coordination other than 12. We note

analysis, we define four color-coded categories of atomst'hat in the fcc structure, the presence of two consecutive

gray symbols represent gtoms with local fcc order, red Sym'lll) planes with hcp-coordinated atoms indicates a stacking
bols represent atoms with local hcp order, green symbol ult. Similarly, the presence of a singl&11) plane of hcp

represent atoms with other 12-coordinated combinations, a oms corresponds to a twin. Therefore these two types of

finally blue ones refer to non-12-coordinated atoms. Thigjefects can be easily identified in our technique.

tool proved to be very important in the visualization of the  Figyre 2 shows the grain boundary in Ni 12-nm HA, iden-

grain-boundary structures and is helpful in identifying re-tified as GB1 in Fig. 1. Figure(d) is a view perpendicular to

gions typical of a twin boundary as well as regions includingthe grain-boundary plane, and Fig(bR is a view of the

a stacking fault that may result from dislocation dissociationhoundary plane itself. The grain boundary appears as a se-

into Shockley partials. quence of structural building blocks, each one formed by a
In our technique, we compare the structural properties oportion of a(111) twin boundary plangred atom$ and a

the same grain boundary in a 5.2-nm sample and in thetep between them, which is a disordered redline/green

12-nm sample, to investigate the influence of the grain sizeatomg. The presence of these disordered regions is related to

In the following section, we first show examples of grainthe misorientation itself and, as we show below, is indepen-

boundaries in the Ni and Cu HA samples, and then we focugent of grain size. This twin-and-step block is repeated sev-

on the Cu 8-nm LA sample. eral times, forming a stair with the twins in parallel, but not
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FIG. 3. (Color) The grain boundary in the Ni 12-nm HA sample,
identified as GB2 in Fig. 1. The misorientation between grains in
this boundary is 75°. View along a noncomm@ri0 direction for
the grain on the right side of the figure. TK&l1} planes of the
grain on the left grain continue on{@11 planes of the grain at
right. The color code is the same as in Fig. 2.

direction close to th¢112) direction, making a linear dimen-
sion of ~6.8 nm. The size of the entire grain boundary be-
tween these particular two grains has maximum dimensions
of 7.0 nm. Therefore, our observations suggest that the influ-
ence of the triple junction on the grain-boundary structure is
short ranged, extending only a few angstroms from its center.
We note that the stair structure is a way to accommodate the
approximately 12° difference between the commdil)
plane and the actual boundary plane, as well as the 4.5°

FIG. 2. (Color) The grain boundary in the Ni 12-nm HA sample,
identified as GB1 in Fig. 1(a) View perpendicular to the grain-
boundary plane, along a common axis, which is close {410
direction. (b) View of the grain-boundary plandgc) The corre-
sponding boundary in the Ni 5.2-nm HA sample. Gray symbols
represent atoms with local fcc order, red symbols represent atoms
with local hcp order, green symbols represent atoms with other
12-coordinated combinations, and blue ones refer to non-12-
coordinated atoms.

consecutivg111) planes. The misorientation between grains
in this boundary is 75°, which is close t&®a= 3 coincidence
lattice, 70.5°. The view in Fig. (@) is along a common axis
which is close to g110 direction. The unit cells are high-  FIG. 4. (Colon The grain boundary labeled GB4 in Ni 12-nm
lighted in both grains. The size of the complete structuraHA, with a high-index common crystallographic axis. The left grain
block (twin region plus stepshown in plane view in Fig. is viewed along 4110 axis. Significant structural coherency across
2(b) is about 5.5 times the distance betwe&&h0 planes, or the boundary can also be observed in this case. The color code is
approximately 1.4 nm. The block is repeated 5 times along #e same as in Fig. 2.
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difference between the perfect twin misorientation and thelered region every three planes. The maximum dimensions
actual misorientation for this boundary. on the grain-boundary plane between these particular grains
The corresponding section in the Ni 5.2-nm HA sample,are approximately 1215 nnt for the 12-nm sample and 4
Fig. 2c), shows a similar structural block as found in the x5 nn? for the 5.2-nm sample. As mentioned above, using
12-nm sample. In this case, however, there is no clear reghe Brandon criterion this boundary is outside the range of
etition of this unit due to the restriction imposed by thethe % =3 special boundary and, indeed, we do not see the
smaller grain size. Even though the tendency to form a por =3 structural blocks, but we do see a significant degree of
tion of a perfect twin is evident, the maximum size of this coherence in the structure. As in the previous boundaries
particular grain boundary is approximately<a nn?. It is ~ analyzed, the basic features of the observed coherency and
clear that in this small grain-boundary plane further repetithe accommodation of misfit are independent of grain size.
tion of the structural block is not possible. Taking into con- Cohérence in this context means a strong tendency for a
sideration the size of the structural block, the range of influfamily of planes of one grain to be continued by another
ence of the triple junction for this particular grain boundary family of plains in the neighboring grain. This is in general
is again very short. We see then that the structural features @Ptained through the alternation of highly ordered and highly
the boundary are basically independent of grain size in thiglisordered regions _ _
range. _Figure 4 shows another quite general boundary, GB4 in
We also studied a second boundBB3, not indicated in  Ni 12-nm HA with a high-index common crystallographic
Fig. 1(a)] that is similar to the one described above. It has aXiS- The grain on the left side of the grain-boundary plane is
misorientation of 65° about an axis close(id0). This mis-  Viewed along 110 axis. Significant structural coherency
orientation is about 5° smaller than that of a perfect twin.2cross the boundary can also be observed in this case, which
The structure also contained structural blocks correspondingPTesponds to a misorientation of about 30°.
to a perfectS =3 twin misorientation, very similar to those  AS our next example, in the Ni 8.0-nm HA sample, we
observed in Figs. @)—2(d). The block was also observed in found a grain boundary with misorientation of.about 17°
the 5.2-nm sample. Both of these grain boundaries GB1 an@round an axis close {410 The boundary plane is close to
GB3 can be considered @pecialS =3 boundaries, since 21112 type plane. Figure 5 shows a section perpendicular to
the deviation from the perfed =3 (70.5° misorientationis (€ common(110 direction. As in the previous cases, the
within 15/(3)"2 as per the Brandon criteridfIn agreement unit cells of both grains are highlighted. There is again some
with this criterion, our study confirms that these boundarieglegree of coherence betwegii 1} planes. To accommodate
present a significant fraction constituted by structural unitghe misfit between the grains, a periodic array;(f10 dis-
typical of the perfec =3 boundary. The critical observa- locations is formed, with _dlslocatlon lines also_ alofid.0.
tion of the present work is that this expected structure actull @ front view of the grain-boundary plane, with the atoms
ally holds for the very small grain sizes tested here. t.hat are fcc-coordmat(_ad removed, we see the dlslqcatlon
We studied the differences in the grain-boundary structurdn€S and a small region of hcp-coordinated atoms in the

of this particular boundary in Cu 12 nm as opposed to Ni 1 Adislocation core areas. We interpreted this region as a degree
Qf dissociation of the}(110 dislocation into Shockley par-

crystalline rotations and locations, differing from the Ni tials. The dislocation lines are bound by the presence of other

12-nm HA sample only in the lattice parameter and the in-9r&in boundaries.
teratomic potential. The purpose of this comparison was to
assess the influence of the stacking fault energy on the grain-
boundary structure. We found that the basic structure of the
boundaries is the same for both model materials and is then To obtain a more general picture of grain boundaries in
mainly determined by the relative crystallographic orienta-nanocrystalline materials and the possible influence of tex-
tion of the grains. The figures are omitted for brevity. tures, we analyzed low-angle boundaries in the Cu 8.0-nm
In Fig. 3 we show a view of GB2 in the Ni 12-nm HA LA sample.
sample. As in the previous case, the main crystallographic The first example, shown in Figs.(& and Gb), is a
directions are indicated. The misfit between 60| direc-  boundary with a misfit of 12°. The boundary is clearly com-
tions is about 50°. The common axis for this grain boundaryposed of a network of dislocations. Figur@gshows a pro-
was also close to 110 axis. This represents a deviation jection of the two grains, taken along a nearly comnibt0)
from a perfect =3 twin of about 20°, which is outside the axis, and shows that for the grain on the right-hand side, the
Brandon criterion range. This misorientation is not close toboundary plane is close to{a12-type plane. In the grain on
any other special boundary, and the boundary is therefore ndie left-hand side, the grain-boundary plane is rather close to
considered to be a special boundary. As expected, no strue-{111}-type plane. Figure ®) shows the two-dimensional
tural blocks of a%=3 twin are observed in this boundary. network of dislocations that accommodate the misfit. There
The grain boundary is, however, not amorphous. This isare a few hcp-coordinated atoms that can be observed in the
demonstrated in the figure where we show a view along @&ore of the dislocations
noncommor¥110 direction for the grain on the right-hand A second example is the grain boundary shown in Fig. 7.
side. A significant degree of structural coherence across th€he misorientation between the grains is 9°, as indicated in
grain-boundary plane can be observed, with{thEl} planes the figure, which shows a section along an axis close to a
in the left grain continuing ontdg311} planes of the right common(110 axis. The misorientation is accommodated
grain. The misfit due to the different interplanar distance foragain by Shockley partial dislocations, generating stacking
these two types of planes is accommodated by a more disofaults, which in this case form within the grain-boundary

B. Low-angle Cu sample
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FIG. 7. (Color) View along an axis close to a comma@hl0
axis of the boundary as in Fig. 6. The misorientation is accommo-
dated by Shockley partial dislocations, generating stacking faults,

to this (110 direction. The unit cells are highlighted in each grain. wr::gh II: t:;s ;:Easde.form vr\]/ithin. the;_rg];rain-lboun(;ary ptI:ne. The uni.t
To accommodate the misfit between the grains, a periodic array 0&? '; Ighlighted in each grain. the color code Is the same as in
1(110 dislocations is formed, with dislocation lines aloAtyL0). 9. <.

They present some splitting into Shockley partials. The color code . o
is the same as in Fig. 2. for the accommodation of the misfit, as expected for larger-

grain polycrystalline materials.

FIG. 5. (Color) Section of a grain boundary in Ni 8.0-nm HA
with misorientation of about 17° around an axis clos€ltb0). The
boundary plane is close to{a12 plane. The view is perpendicular

plane. The grain boundary is very small, about 2—3 nm, and C. Grain-boundary energies

that is probably the reason why one stacking fault is suffi- The simulations provide potential and kinetic energies for
cient to accommodate the grain-boundary misfit. Howevereach atom and approximate grain-boundary energies can be
the misfit is apparently not fully accommodated by the par-calculated from these data. As a first level of approximation
tial, because at a few atomic layers distance and parallel ttw the grain-boundary energy, we compare the energy of the
the grain-boundary plane a stacking fault created by a secorghtire sample to the energy of an equal number of perfect
partial can be observed in one of the grains. Our observationgystal atoms, both at 0 K. This is the excess energy attrib-
for low-angle grain boundaries show a dislocation networkutable to the grain boundaries present in the nanostructure.

oPQ@DD®O
00 0DO®O
ocoO0O®®

(a)

FIG. 6. (Color) A boundary with a 12° misfit in the Cu 8.0-nm LA sample. The boundary is composed of a network of dislodaions.
A projection of the two grains along a nearly comm@di0 axis; the boundary plane is close tdH 2-type plane. The grain-boundary
plane is close to 4111} orientation for the left grain. The unit cell is highlighted in each grdb). The two-dimensional network of
dislocations that accommodate the misfit. There are a few hcp-coordinated atoms that can be observed in the dislocation core regions. The
color code is the same as in Fig. 2.
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Dividing this excess energy by the average grain surface asighly disordered, amorphous, or cementlike interfaces in
suming spherical, equal-sized grains, we get1.8J/nf. nanophase bulk materials.

Assuming cubic grains, we get a value for the average grain These conclusions are just opposite to those of a recent
boundary energy of 1.4 JimMore precise values that do not paper by Keblinsket al?? on computer-simulated nanophase
require an assumption for the geometric shape of the graingd. In fact, by analyzing the pair distribution functig@DF)

can be obtained for each particular boundary. In this techef those atoms with the highest potential energy, they con-
nique, we define a volumetric region of the sample contain€lude that the structure of the grain boundaries is a “glassy,”
ing a given grain-boundary plane, far from its limits, that is, gluelike phase, recalling the mentioned cementlike model. In
without including contributions from triple junction lines. several of our previous studigésee, for example, Fig. 3 in
The energy of the atoms in this region is compared to theRef. 42, Fig. 3 in Ref. 28, and Fig. 2 in Ref. ¥3ve have
perfect crystal energy of an equal number of atoms to obtaicalculated the PDF’s for atoms in the boundary selected
the grain-boundary energy. Using this procedure for GBlthrough different criteria related either to the coordination or
(see Fig. 2 which contains structural units typical of the energy. We find that the reminiscences of the second-
a low-energy twin, we obtain a grain-boundary energy neighbor peak, indicative of amorphous structure, are sensi-
=1.1J/nf. For GB2 (Fig. 3), which is a much more disor- tive to the criteria used. The conclusion reached by Keblinski
dered grain boundary, we obtaip=1.5J/nf. A similar et al.is probably a consequence of the criterion they apply to
value of y=1.6J/nt is found for GB4(Fig. 4). These num- select the atoms used to calculate the PDF, i.e., the atoms
bers can be compared with experimental values obtained iwith the “highest potential energy.” Those are the atoms
differential scanning calorimetry(DSC) measurements. that differ the most from the fcc coordination, as can be seen
These are 1.1 JArin electroplated Ni with a 20-nm grain in Fig. 3 in Ref. 43 and Fig. 1 in Ref. 30. These figures show
size3® 1.1 J/nf in a 8-nm Pt sample synthesized by inert gasthat approximately 20% of the atoms are non-12 coordinated
condensatiofi’ and 3 J/m in a ball-milled Fe sample with and have energy higher that the perfect crystal values plus
mean grain size of 16 nfit. The latter measurement was the heat of melting, 180 meV for this potential, used as the
performed on an as-prepargdonagedl sample, and the unit of energy needed to be in an amorphous environment.
higher values are possibly due to the unrelaxed state of thé/e believe that the PDF technique used to analyze the grain-
grain boundaries. We note that these are mean values for tif@undary structure can be misleading, with a high degree of
whole sample and are very sensitive to the definition of thecoherence in the structure undetected. The atomistic struc-
geometrical factor used in the derivation of the grain bound{ural visualization together with the bond analysis we report

ary energieé! in this paper gives clear evidence supporting our conclusion.
Our results agree with experimental evidence reported in lit-
IV. DISCUSSION AND CONCLUSIONS erature that the grain boundaries in nanocrystalline materials

are similar to those in conventional polycrystals.

In the grain boundaries analyzed, we found that for misfits Regarding the validity of these results with respect to the
within a certain deviation from the perfect twiwithin about  |imitations of the empirical potential used, we have tested
10°) the grain boundaries contain a repeating building strucsome samples with two other potentials, namely, from
ture consisting of portions & = 3 twin planes connected by Baskeset al®® and from our own work® obtaining essen-
more disordered regions or steps. In the Ni 12-nm samplejally the same structures. This is further confirmation that
these blocks are repeated several times within the grainhese structures are strongly dependent and largely deter-
boundary plane. The same structure was found in the 5.2-nfhined by the geometry of the grain boundary. Also, the
sample, with nearly no repetition due to size limitations. Fortimes used to equilibrate the structures at 300 K are long
larger deviation from the perfect twin or for other types of enough to arrive to metastable equilibrium. Longer relax-
misfit, we always observed some kind of structural COheI’-ation, eventua”y at h|ghe|’ temperatures, can On|y lead to
ence. This coherence is manifested in a structure where @ore ordered grain-boundary structures.
particular type of crystallographic planes in one grain is con-  However, the presence of highly structured grain bound-
tinued onto another type of plane in the other grain. Thegries does not necessarily imply that grain-boundary disloca-
misfit caused by different interplanar spacing is accommotions control intergrain plasticity. Our previous observations
dated by the presence of more disordered regions in a regulgiat plasticity is controlled by an atomistic jump proc&ss,
pattern. This is true even for general grain boundaries withogether with the present results, point towards the disor-

high-index common axis. _ _ dered regions in the grain boundaries as candidates for play-
For some of the boundaries studied, the atomic structurgg a primary role in the deformation process.

reveals clear evidence of dislocation networks, with some
degree of decomposition of the dislocations into Shockley
partials. Similar results are obtained for low-angle grain
boundaries present in the textured sample. These dislocation This research was supported by the Swiss National Sci-
networks are the usual expected mechanism of misfit acconence Fund, Grant No. 21-46832.96, and partially by
modation in low-angle boundaries in large-grain polycrys-CONICET, Argentina, Grant No. PIP 0664/98. We acknowl-
tals. These results were obtained in grain boundaries of totadge support from NSF Materials Theory and the NSF-
linear dimensions as small a3 nn?, providing evidence CONICET, U.S.-Argentina collaborative international pro-
against the proposed model of these boundaries in terms giram.
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