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Cooperative processes during plastic deformation in nanocrystalline fcc metals:
A molecular dynamics simulation
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Large scale molecular dynami¢®ID) simulations are used to simulate the plastic deformation of a nano-
crystalline model Ni sample with an average grain size of 5 nm containing 125 grains at 800 K up to 4.0%
plastic strain. For the first time in MD simulation, emerging shear planes involving several grain boundaries
have been observed indicating cooperative plastic deformation activity between grains. It is found that three
mechanisms have been involved in the development of such shear planes: grain-boundary migration, continuity
of shear plane via intragranular slip, and rotation and coalescence of grains.
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I. INTRODUCTION gration involves a change in the triple junctiofJ) geometry
and more generally TJ migration. The developing structures
The potential for nanocrystallingc) materials(grain size  might be associated with shear planes, where high plastic
<100 nm) to transform many technologies has been disdeformation is localized, resulting in a larger macroscopic
cussed recently in several works' These materials exhibit deformation of nc metals. Shear planes have been recently
unique microstructufe® in which the number of atoms be- observed in nc material during deformation at low and high
longing to the grain-boundarGB) region is significant, of-  Strain rates*** These are indications that cooperative pro-
fering the possibility of physical properties which are uniqueCeSSes are active in the nc regime.

to the nc regime. In particular, the mechanical properties of | From the perspective of superplasticity, several mecha-
nc materials have received considerable attention in receffSMS Ieadln_g to collective Processes have glready been stud-
6-11 ied (see Zelin and Mukherjé2 and Mukherje® for a re-
years. . . o . _view). It was suggested by Kaibyshév that the
The deformation behavior of nc materials is characterized. - : . . S
micromechanism of cooperative grain-boundary sliding

by features that are different from those of their COASe Ry is a motion of grain-boundary dislocationGBDs)
grained counterparts. The nature of these deviations remai ?ong the adjacent interface of many grains and that this is

a subject of controversy. In general, two categories of theoétimulated by intragranular slip. Furthermore, CGBS has

retical models have been introduced to understand the Origiﬂeen suggested to be coupled with cooperative grain-

of the phenomena discuss¥d(i) Two-phase models that boundary migration and cooperative grain rotatiorf Zelin
describe mechanical characteristics in nc materials as gng Mukherje® observed that after CGBS, grains can
weighted sum of the contributions of grain interiors andchange their neighboring grains. They also suggested that the
grain boundaries. These models do not explicitly take inttaccommodation mechanisms, providing compatibility of the
account the evolution of defects and transformations of thejeformation in some grains, could be realized by migration
grain boundary structure, and therefore cannot include posf sliding GBs(to make the shear surface more planao-
sible emergent collective processéis) Models describing tation of grains, intragranular deformation, and migration of
plastic flow based on the evolution of defects and grain-GBs across the shear plane.
boundary structure, through the description of physical It has been observed experimentally that when two shear
mechanismsglattice dislocation motion, grain-boundary slid- planes are operative, they might be active simultaneously or
ing (GBS), and diffusion-limited plasticity mechanisins sequentially® Rotation of grain groups in this case can be
These models involve the interaction and competition beeaused by the change in the orientation of CGBS planes, as
tween various deformation mechanisms, each of which mayell as accommodation deformation providing compatibility
have a nontrivial dependence on grain size, grain structuref strain of sliding grain groupS. Sheikh-Ali and
and more generally atomic-scale structure. Garmestart? suggested in their model that there are two
The latter approach can thus admit the possibility of col-components of GBS: so-called “pure” GBS that does not
lective processes, an example of which being the formatiointeract with intragranular slip and slip-induced GBS. The
of plane interfaces at a scale greater than the grain sizauthors observed that in Zn-0.4%Al, the GBS in the presence
leading to long-range sliding. For instance, the model ofof intragranular slip can be an order-of-magnitude faster than
Hahn et al®” suggests that grain-boundary sliding controls“pure” GBS. Baudelet® suggested that in grains, the loca-
the deformation mechanism, and that, in order to overcoméon of which could not be accommodated with the local GB
grain-boundary obstacles, two or more grain boundariesnigration, continuity of a shear plane might be provided by
must cooperate to form a plane interface, which then by furintragranular slip. Experimentally Astaniet al?*?? have
ther interconnection with other plane interfaces, will lead toshown that in addition to local GB migration, the intragranu-
long-range sliding. In order to accommodate these plane inlar slip is a possible way of transmission of shear through
terfaces, the local migration of GBs is necessary. Such mia TJ.
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Large-scale molecular dynami¢MD) simulations have 0.07
proved to be a particularly useful tool for the atomic-scale 1.2GPa Applied Tensile Load at 800K
study of structure and mechanical properties in nc 0.06+
materials>>~2°By virtue of the nanometer grain-size scale, it 0.054
is now possible to simulate atomistically, fully three- g
dimensional(3D) grain and GB networks, containing many % 0.04-
grains. The physical time scale accessible to MD is, however, = i
too short to obtain large deformations at strain rates typically g 0.03- Unloading Curve
realized in experiment. Thus superplasticity cannot be di- E
rectly addressed. Nevertheless, past work has revealed, and = 0.024
elucidated on, plastic deformation processes such as GBS 0.01-
and dislocation nucleation at GBs, which may be considered
as processes that play an important role in plasticity. Thus 0.00 ——T—TT T T T
only the initial stages of large strain plasticity can be directly 0 50 100 150 200 250 300 350 400
observed using MB? which may include some form of col- Deformation Time (Picoseconds)

lective motion such as that observed in superplastic deforma- ) o

tion mechanisms. Indeed, experimental evidence of shear FIG. 1. The deformation curve of the 5-nm grain-size
plane formatior{and therefore cooperative GB sliding occur- nc-Ni sample, under a uniaxial tensile load of 1.2 GPa performed
rence in nc Ni at a low plastic deformation levéB%) is at 800 K.

given by Dalla Torreet al . _

lective processes using the MD simulation technique. Thérystalline value. It contains 28.7% Geon-fcc and non-
computer nc sample used has been especially designed 6P atoms. The sample is then brought to a temperature of
facilitate such an investigation. The sample contains 12800 K and a further 50 ps of MD is performed prior to
grains at a mean grain size of 5 nm, with no texture. Thedeformation. . .

large number of grains are necessary in order to minimize the TO analyze the grain boundaries we calculate the local
effects imposed by the periodicity used to simulate bulk concrystalline order according to the Honeycutt angl%m
ditions. The small grain size is chosen to reduce the totalechnique based on determining the configuration of the
number of atoms in the sampt® 1.2 million) so that longer comMmon neighbors of a se_lect_ed atom pair. _For more details
deformation times are possible at acceptable strain rates. Prabout this procedure applied in our simulations we refer to
vious work has demonstrated that at room temperature, plafef. 24 Using this analyzing technique we defined four dif-
tic deformation at these grain sizes is mainly accommodatefgrent classes of atoms to which different colors are attrib-
in the grain boundary by means of atomic shuffling andutgd: gray represents fcc atoms, red represents first-nearest-
stress-assisted free volume migratfniVe therefore inten- Neighbor hcp coordinated atoms, green represents other 12

tionally have chosen to perform the current simulation at 8o¢coordinated atoms, and blue represents non-12 coordinated
K to increase grain-boundary activity. atoms. This tool has proved very helpful in the visualization

of the grain-boundary structure and is helpful in identifying
twin planes(one hcp{111} plane and stacking fault¢SF's)
Il. SAMPLE PREPARATION AND SIMULATION (two adjacent hcd111 plane$.?>=?° For black and white
TECHNIQUE figures, light gray represents fcc atoms and black represents
. . other atoms.

T_he_sample used in th_e present work_ls constructed_ by For this work, all atomic configurations and associated
bggmgung(;/wth an ‘;’."!F’ty sm(t;laﬂon qell W'thdfml){ 3D peri- .crystalline order analyses are derived from a 1ps average of
T o a2 atomic Spall coordinates and the smulaon el size

! nder load conditions, the 1ps averaging is performed under

nm. The starting simulation cell has a side length of 68 NIfixed simulation cell coordinates, that is, with the Parrinello-
ahman simulation cell control turned off. This was found to

lattice constants. From each location, a fcc lattice of rando
be necessary to eliminate the increased effects of thermal

orientation is geometrically constructed until there is an
overlap between neighboring fcc lattice grains. Where ther(f‘.ﬁoise at 800 K. In this work, all deformation simulations are
erformed at 800 K under an applied uniaxial stress of 1.2

are nearest-neighbor distances of less than 2 A, one atom
removed. This procedure produces a three-dimensional Pa, which is somewhat less than for the room-temperature

structure according to the Voronoi constructirMolecular ; ; ; ; )
statics and MD at 300 K for 50 ps are then performed tozg?]gggo\?asl’ugnd Is done to reduce the strain rates to a rea
relax and equilibrate the structure. The MD is performed '

using the Parrinello-Rahman Lagrangiamith orthorhom-

bic simulation cell geometry conditions. We used the second . RESULTS
moment tight-binding potential of Cleri and Rosato for
“model” fcc Ni. *3 Thus the Ni sample of 1.2 million atoms
contains 125 randomly oriented grains with all types of mis- Figure 1 displays the deformation curve obtained by MD
fit from low angle to high angle grain boundaries. The re-simulation where the sample was deformed up to 400 ps

A. Statistical properties and mechanical behavior
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TABLE |. Statistics of different crystalline classes of atoms.  atoms tend to increase their coordination number. In general
for metallic systems, the GB region will attempt to minimize

fcc atoms hcp atoms GB atoms  jts number of broken bonds, there being a close linear rela-

% of atoms % of atoms % of atoms  tionship between the grain-boundary energy and the number
As prepared 68.89 2.44 28.67 of broken bonds® By analyzing the atomic activity via the
2.2% deformed 65.12 6.02 28.86 temporal evolution of average GB atomic coordination, our
3.6% deformed 62.83 8.61 28.56 previous work® was found to be consistent with this view,

leading, for example, to a tendency to preserve as much as
possible the bulk 12-fold coordination. Note that this struc-
resulting in a plastic strain of 4.0%. We have also unloadedural reordering effect is less during the last 190 ps of defor-
the sample at 400 ps to estimate the elastic component to gation.
about 1.5%. Inspection of this figure also revealed that the More detailed investigations on numbers of atoms that
strain rate is about 7:210/s during the time spanning from changed from one crystalline order to another has shown
150 to 300 ps, reducing to 5410/s after 350 ps. Such a that, during the first 170 ps, 25% of GB atoms have become
reduction in strain rate over time is common in simulationsfcc and a similar number of atonigitially fcc) have be-
of this type, and has been addressed in recent work By us.come GB atoms. Such an exchange between these two crys-
In this work we will concentrate on three configurations fromtallinity classes suggests that around 25% of GB atoms are
this deformation curve: the as-prepared one before loadindfvolved in GB migration. This number decreased to 20%
after 170 ps of deformation, which corresponds to 2.2% plasduring the last 190 ps of deformation, suggesting that less
tic deformation, and after 360 ps of deformation at 3.6%GB migration is involved between 2.2% to 3.6% of plastic
plastic deformation. deformation. Moreover only 3% of this variation involves
Table | shows the percentages of atoms according to thefo-called “perfect” fcc atoms, that is, those atoms in an fcc
crystalline order where GB atoms correspond to non-fcc an@nviroment up to at least the fourth-nearest-neighbor shell
non-hcp atoms. This differs from past work in that prior to and thus those atoms initially in the grain interior. This con-
this work, we have defined the GB atoms as non-fcc atomdribution has also decreased for the 3.6% deformed sample to
However as we shall see, this samf#een prior to loading ~ only 1.7%. This finding is compatible with the general result
contains a non-negligible number §£11} hcp planes that that there is a reduction in strain rate as the loading simula-
pass through the edges of the 5-nm grains. Some hcp atori§n proceeds.
are indeed located in the GB region and constitute important
parts of the GB, however, this number is relatively low when )
compared to the number of GB atoms with “other 12 coor- B. Cooperative processes
dinated” and “non-12 coordinated” crystalline order, and A typical example of formation of common shear planes
thus does not significantly affect the GB atomic statistics.during deformation is presented in Fig. 2. Figur@)2dis-
Table | clearly demonstrates that upon loading there is a ngjlays the atomic positions prior to deformation and Figp) 2
drop in the number of fcc atoms<3.77% after 2.2% plastic shows the atomic positions after 3.6% plastic deformation.
deformation and a supplementary drop of2.29% after The section of displayed atoms is approximately 1.2-nm
3.6% plastic deformatioraccompanied by an increase in the thick along the viewing direction and the indicated tensile
number of hcp atom@espectively,+3.58% and+2.59%), direction is that projected onto the plane of the figure.
whereas the number of GB atoms showed a slight variation Comparison of Figs. (@) and Zb) demonstrates that after
not exceeding+0.3%, indicating little change in the GB 3.6% plastic deformation this section of the sample under-
network. In conjunction with atomic visualization, this result went a reorganization of the GB regions resulting in an align-
shows, in contrast to room temperature deformatior;®>  ment of multiple GBs to form two common shear planes
that although the grain size of our sample is very snfall indicated by the large black arrows in Figh2 Indeed, GBs
nm) we observe under deformation at 800 K some intragrair85-108, 10-17, 10-117, and 8-117 underwent a migration to
activity evidenced by the presence of stacking fault defectlign, resulting in a change in the TJ geometry to enable the
structures mainly at the edges of the grains, see Sec. IV. formation of shear plane 1. The nature of the atomic activity
Table Il details the percentages for GB atoms according tehat facilitates such migration is predominantly of the form
their coordination numbez. The table shows that while the of atomic shuffling with some stress-assisted free volume
total number of GB atoms remains practically constant, thesenigration resulting in an increase in GB structural order
similar to what we have seen in past wofR® The orien-
TABLE 1. Statistics of different coordinated atoms in the GB tation of shear plane 1 is inclined at about 53° to the tensile

region. axis, whereas, shear plane 2 is orientated at 46° to the tensile
axis, which is close to the maximum resolved applied shear
Z>12 Z=12 z<12 at 45°.
% of atoms % of atoms % of atoms Inspecting the region of Fig. 2, we observed that some
As prepared 1.498 9.9548 17.220 grains move collectively relatively to some others. Arrows in
2.2% deformed 1.736 10.747 16.373 Fig. 2(b) represent the relative sliding of some grains in-
3.6% deformed 1.824 10.979 15.760 volved in this collective motion. The directions of the three

nearly vertical arrows in Fig.(®) for shear plane 1 are de-
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tive to the center of mass of grain 10. Note that the sliding
direction of grain 17 is the same as that represented in Fig.
2(a). As already mentioned, the atomic activity within the
GB consists mainly of atomic shuffling with a small amount
of short-range stress assisted free volume migration. This is
in part evidenced in Fig. (&) by the larger atomic displace-
ment vectors within the GB region.

In Fig. 3 we have marked by yellow, regions of misfit in
GB 10-17. Although for this GB no coherency was observed
between families 0of111} planes in both grains, an aligning
of {111} planes in grain 10 with100} planes in grain 17 was
seen with misfit regions to accommodate the lattice mis-
match between the two sets of planes. The atomic positions
corresponding to 2.2% plastic deformation are shown in Fig.
3(b) with the corresponding regions of misfit marked again
in yellow. We see that Figs.(8& and 3b) show clearly that
the misfit regions undergo a propagation to the left towards
TJ 10-17-117. In addition we observe GB 10-17 migrating
during this time in a direction towards grain 17. Along this
section of displayed atomic positions, we also see that GB
10-17 shortens due to corresponding TJ 10-17-85 migration.
The atomic positions corresponding to 3.6% plastic deforma-
tion are shown in Fig. @ showing further propagation of
one misfit region and the annihilation of the other at TJ 10-
17-117, during the time separating the 2.2% and 3.6% plastic
deformation configurations.

Figure 4 shows another section of the sample containing a
different shear plane which we refer as shear plane 3. In this

FIG. 2. Aregion of the nc-Ni sample, in which two shear planesfigure only non-fcc atoms are drawn and the color scheme
(1 and 2 have been identified as indicated via the large arrows. Tha!sed is that stated in Sec. Il. The tensile axis is pointing
small arrows display the direction of the relative sliding betweendown the page. Shear plane 3 is marked in yellow in Fig.
grains.(A) is the atomic configuration before loading, aif) after ~ 4(b). In Fig. 4@ we draw the non-fcc atoms of the sample
3.6% plastic deformation. prior to deformation and indicate GB 41-105. This is a low
angle GB consisting of a GBD network that dissociates into
dattice Shockley partials. Figure(ld) is the atomic configu-

rived by the displacement of atoms in grains 108, 17, an ation after 3.6% plastic deformation, and it can be seen that

117 relative to the center of mass of the respective grains 8$he creation of shear plane 3 involves the coalescence of
10, and 8. The length of arrows does not represent the absg

lute amount of sliding, which for all grains was typically grains 41 and 105. Detailed temporal analysis indicated that

between 1.5 and 2 A. From this we see clearly that for Sheatrh|s coalescence occurred with significant GB migration that

) . . resulted in the shrinking of some grains on the right side of
lane 1, the group of graind08, 17, and 117slides relative ; A
Fo the secongc]i grgup gf glr(air(SS 10 and]% Much of this shear plane 3. This can be seen in F|@)).4$hear_ plane 3
activity occurred during the first 2.2% of plastic deformation maKe;oasr;_?JngﬁeC\)I/ %?Otﬂt:gngguztzrzenrs;iﬁsaﬁi and 105
during which the shear interface was not completely formedalon a compmor(110> direction is resegted i Fig. 5. In
In addition to sliding, some grain rotation was observed, in 9 P 9. o

particular, grain 8, which rotates approximately 1°. For

Tensile
direction

Fig. 5@ the unit cells of both grains are highlighted in yel-

shear plane 2, collective sliding of grains 85 and 108, rela[ow and the crystallographic orientation of grain 41 is given.

tive to grains 10 and 17, respectively, was observed as indilhis GB is along a (11) plane of grain 41 and has a it
cated by the nearly horizontal arrows in FighR This ac- angle of about 8° around [d10] axis with almost no twist
tivity occurred during the time separating the 2.2% and 3.69gharacter(less that2®). In this view one can observe easily
plastic deformation, and thus predominantly after the activityth® two Shockley partials constituting the GB 41-105. The
associated with shear plane 1. Such sequential activity divo leading partials of the partial dislocations have a Bur-
shear interfaces has also been observed experimettdlly. gers’ vector along121) and(211) directions with magni-
Figure 3 now shows a close-up view of the triple junctiontudes of 0.94,/./6 and 1.08,//6, respectively, whera,
region between grains 10, 17, and 117 in a different orientais the lattice parameter of bulk Ni. After 2.2% plastic defor-
tion to that of Fig. 2. In Fig. & atomic positions corre- mation [Fig. 5b)] we observe clearly that the two partial
sponding to the sample prior to deformation are drawn todislocations have propagated to an opposite GB region leav-
gether with their atomic displacemefied lines after 2.2%  ing behind a defect-free fcc region. This propagation is ac-
deformation. The atomic displacements are calculated relasompanied by a rotation of grain 105 resulting in a misori-
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Tensile
A]' direction
B)
B)
C) i GA7

Shear R

plane 3
FIG. 4. (Color) A region of the nc-Ni sample, in which shear

plane 3 has been identified as indicated via the shaded yellow re-

gion, where(A) is the atomic configuration before loading, aif)

after 3.6% plastic deformation. Coalescence of grains 105 and 41 is

FIG. 3. (Color) Close up of atomic activityred lines in shear  clearly evident.

plane 1(of Fig. 2). (A) is the atomic configration prior to loading, . )
(B) is at 2.2% plastic deformation, ari@) is at 3.6% plastic defor- Necting GBs 50-55 and 53-88 to form shear plane 4. This can

mation. The shaded yellow regions indicate regions of misfit beP€ Seen by the red hcp stacking fault defect in F{g).6Thus
tween grains 17 and 10. in this case continuity of shear plane 4, indicated by the
shaded yellow region in Fig.(), is provided by intragranu-
entation between the two grains now of only 3°. By 3.6%lar slip in grain 38, the location of which could not be ac-
plastic deformation, Fig.(®), both leading and trailing par- commodated with the local GB migration. Such activity has
tial dislocations of each GBD have been absorbed by the GBeen observed experimentally in microcrystalline materials
region (between grains 105 and R&sulting in a complete (see Ref. 21, 22, and 17The atomic displacements in this
annihilation of the GB between grains 41 and 105, and thusection of the sample showed that after 2.2% plastic defor-
their coalescence into one grain, the GB of which forms partmation, grains 50, 38&op subgrain of grain 38 and 53
of shear plane 3 indicated by the yellow shaded region irslide to the right, relative to the centers of mass of grains 55,
Fig. 4(b). 38b (bottom subgrain of grain 38and 88, respectively. We
Figure 6 shows another region of the sample where a@lso observed a slight rotatigfess than 2°) for grains 55,
different shear plane has been identified, which we refer to a88, and 53, which helps accommodate this process. After
shear plane 4. Figureqd@® and Gb) represent, respectively, 3.6% plastic deformatiotinot shown we didn't observe a
the atomic configurations prior to deformation and at 2.2%notable change at the nc structure level. However, the sliding
plastic deformation. After 2.2% plastic deformation a partialdirection has changed and during the time separating the two
dislocation nucleates and propagates through grain 38 corevels of deformation we observed that grains 38a and 38b
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FIG. 6. (Color) A region of the nc-Ni sample, in which shear
plane 4 has been identified as indicated via the shaded yellow re-
gion, where(A) is the atomic configuration before loading, aif)
after 2.2% plastic deformation. This is an example of where the
continuity of a shear plane is provided for by intragranular slip in
grain 38.

been found also to be intimately linked to atomic shuffling
and free volume migration in the GB.

In the present work, we have also observed such phenom-
ena during the deformation of a 125-grain 5-nm grain-size

FIG. 5. (Color) Close-up view of partial dislocation activity in sample, resulting in the emergent process of collective grain
grains 105 and 41(A) is the atomic configuration prior to loading, Motion via the formation of shear planes that extend over a
(B) is at 2.2% plastic deformation, ari@) is at 3.6% plastic defor- number of grain sizes. These shear planes are all inclined to
mation. The low angle GB 105-41 consists of disassociated Shockhe tensile axis at angles ranging between 30° and 60°. A
ley partials, that upon loading propagate to the left to accommodattéeémporal analysis of atomic configurations as a function of
the coalescence of grains 104 and 41. deformation has also shown that these shear planes became

active sequentially over the 400 ps of deformation per-

slide to the top of the page relative to grains 50 and 55ormed. Thus, as has been experimentally seen in conven-
suggesting that the GBs 50-38 and 55-38 act as another shd#mnal grain-size materiafs,CGBS processes in nc materials
plane in this region indicated by vertical arrows in Figh)s ~ are possible even at deformations significantly less than that
(shear plane 5 becoming operative after shear plane 4 hasassociated with superplasticity.
been activated in the earlier stages of deformation. The observed underlying mechanisms taking part in the
formation of these shear planes fall into three classes:

(i) GBS-induced migration of parallel and perpendicular
to the developing shear plane GBs, to form a single shear

Previous work has shown that for the sub-20-nm grainplane consisting of a number of collinear GBs.
size regime, the dominant plastic deformation mechanism is (ii) The coalescence of neighboring grains that have an
GBS via atomic shuffling and free volume migration, andinitially low angle GB described by an array of disassociated
more recent work has demonstrated that such GBS is intiShockley partials, where presently, the coalescence was fa-
mately related to GB and TJ migration, the nucleation ofcilitated by the propagation of the partials to a nearby GB
partial dislocations from the GB and an associated reorganand subsequent reorientation of both grains into one crystal-
zation of the GB structure from the perspective of GB dislo-lographic orientation.
cation networks! The dislocation nucleation process has (i) Continuity of the shear plane by intragranular slip,

IV. DISCUSSION
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where presently a partial nucleated and propagated from one TABLE lil. Ni stacking fault energies for Cleri and RosaRef.
TJ of the developing shear plane to another. 33) as a function of temperature. Those values given in parentheses

In general the formation of a shear plane will involve all @re taken from Ref. 39.
three mechanisms, it is, however, important to note that for

the latter two classes accommodation of dislocation activity STPeraturek) Stackmgsgszug ;girgy (m3fn
and coalescence will provide an additional driving force for 262. (262.8
subsequent GB migration along the lines of class 1. This i '1535 : 4

indeed what has been observed in the present work. This
also supported by results of Tables | and Il where 25% of GB

atoms are shown to be involved in GB migration. Class 2ot \york it has been established that partial dislocation
may be considered in part a special consequence of grajfycieation is intimately linked to grain-boundary activity,
rotation. Indeed grain rotation has been seen in the vicinity, partial dislocation core propagatinyhich is pinned to

of other shear planes in the sample. Often rotation was aGgighhoring GB regions, is coincident with GB structural
companied with partial dislocation activity in and near thereorganizatior?.s

grain-boundary region of those grains involved.
Inspection of Fig. 4 reveals that a significant number of
{113 hcp planes are formed during deformation. This is also

reflected in Table I, where the percentage of hcp atoms rises |n conclusion the present work supports the picture pre-
from 2.44% to 6.02% at 2.2% plastic deformation, and tosented by the model of Hatet al.®” in which the dominant

8.61% at 3.6% plastic deformation. Inspection of the atomignechanism of plastic deformation via collective grain activ-
configurations during deformation revealed that this increasgy is that of grain-boundary sliding, and it is only at the
arises from the formation of SFs. This is at variance to thEhanosca|e that the concurrent grain_boundary migration is
previous deformation simulations for this grain size per-enough to reduce the so-called steric hinderance of grains.
formed at 300 K;*~*>*where all plastic deformation is in- Our work, however, suggests that it is not only the grain-
tergranular via GBS. An important observation concerninghoundary sliding mechanism, but also granular rotation and
the nature of the SF presence at 800 K is that in most casegeformation via intergranular slip, which contribute to col-
the SFs are confined to the edges of the grains. Those elective grain activity. With the limited number of grains and
amples where partial dislocations were seen to propagaig deformation time of 400 ps, it is not yet possible to gain a
into the interior of the grain could be identified as intragranu-quantitative contribution of each shear plane formation class.
lar slip contributing to the formation and development of However it remains clear that a combination of grain-
shear planegclass 3. A possible reason for increased pres-poundary migration via grain-boundary sliding and grain-
ence of SFs at 800 K, when compared to 300 K deformatiomoundary migration via intragranular slip and grain rotation
simulations, may in part lie in the associated reduction of thgs the dominant process by which shear planes form, and that
SF surface energy with increasing temperature. For the Niollective grain-boundary sliding becomes an increasingly
potential used presently, we calculated the stacking fault erimportant plastic deformation mechanism at the 5-nm grain-
ergy density as a function of temperature and display this ikize nc regime.

Table 1ll. We note that the calculated values decrease linearly

with temperature. Thus the stacking fault energy decreases ACKNOWLEDGMENTS
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