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Atomic simulation of grain-boundary sliding and migration in copper
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In this study, we present a Monte Carlo investigation, based on the embedded atom method potential, of the
3,5 grain-boundary(GB) sliding in copper at elevated temperature. Important aspect of this approach is the
implementation of simulated annealing technique. We find a variety of sliding behaviors, including coupling to
migration. While our previous results showed that elevated temperature in aluRiBu&B increases the rate
of migration, we did not find a temperature dependency of interface migration in copper.
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Grain-boundary(GB) sliding and migration at elevated by bringing together th€001] faces of two crystals, one of
temperature plays an important role in the plastic flow forwhich was rotated with respect to the other by 53.13°. The
polycrystalline materials? Despite the important role of computation supercell consists of 4210 atomic layers,
grain boundaries in this process, our knowledge of howeorresponding to a separation of 16.49 A between the two
boundaries actually move at the microscopic level is limited GB Planes. There are two atomic planes along [b@1]
One approach that has provided atomic-level insight into GEJIrction- Two—dlmensmnallglialattlce constant is set to the ex-
in metals is computer simulatichSimulation at atomic level perimental v_alqe of 3'.62 e . . .
in combination with Monte CarldMC) techniqué enables Th? altom|c Interaction in clop}pﬁr is described bB{ a semi-
one to investigate the role of temperature on migratio empirical many-body potential of the EAM. Potential used in

"his work was developed recently by Mishet all* on a
process. Although, the structure and energy of GB for a |arge set of experimental arab initio database. The grain-
number of metals can be calculated 4ty initio methods

. o . boundary energy, as an important thermodynamics param-
computational limitations still prevent such methods fromgier is calculated from the difference of the energy of a

being applied to atomic simulation at elevated temperaturesypercell containing the GB and the energy of a supercell
Faster methods based on fitting parameters, such as the egpntaining an equal number of atoms in the bulk. Simulated
bedded atom methoEAM) (Ref. 8 are more suitable for annealing(SA) techniqué®!® is used in determining the
this purpose. It has been shown for a number of fcc metalequilibrium positions of atoms in a supercell. The initial tem-
that the EAM technique gives excellent agreement with botfperature in our simulation was set to 540 K and the system
ab initio and experimental resulfs. was cooled to 27 K using a stepwise-exponential decrease of
In a recent papéef’ we addressed the mechanism charactemperature involving a total 35010° steps. For a fixed
terizing the sliding process at tHe5 tilt GB in aluminum.  temperaturel, the atomic positions were changed using the
We also evaluated the effect of elevated temperature on GBtandard Metropolis techniqdéNote that the amplitude of
migration rate. For this we carried out MC simulations usingthe atomic displacements is allowed to vary so that the ac-
EAM potential constructed by Mishiet al!* We find that ceptance rate remains about 0.5 during MC simulations.
simulated annealing based on MC technique allows the sysrhese amplitudes are typically from 0.01 A+4540 K) to
tem to gradually anneal to a global-minimum configuration,0.002 A (T=27 K). In Fig. 1 we show the relaxed super-
thus increasing the number of migrations and reducing theell of 160 atoms employed in the calculation viewed along
GB sliding energy barrier to about factor of 3 compared tothe [001] direction. The extrapolated zero-temperature GB
the corresponding zero temperature values. We now contrashergy is 0.946 J/fa The accuracy of the least-squares fit
these results with the study of the microscopic processes that the extrapolated zero-temperature GB energy is 7.32
occur during the sliding of copper grains. Copper was choserx 10°2 J/n?.
here because it is a good candidate for heat sink in the design The grain-boundary slidingGBS) is simulated quasistati-
of ITER plasma facing componenit$The main function of  cally, namely the top grain is rigidly shifted over the botom
the heat sink is to transport elevated heat fluxes to the cooby a series of small specified distances along the interface.
ing water, thus reducing thermal stress in the structural mafhe started atomic configuration for each anneal was taken
terial. However, high heat loading might invoke mechanicalfrom the previous one. In order to investigate the effect of
or structural changes in sink material. The goal of the presertemperature on the GBS process we have carried out another
work is to investigate the thermal effect on polycrystalline MC simulation. In this, which we will refer to as “static,”
copper. In order to achieve this, we have studied the structurge probability of acceptance of any higher-energy configu-
and sliding energy of &5 [001] (210 tilt perfect GB in  ration is set equal to zero, thus driving the system at zero
copper at elevated temperature. The tilt GB was constructegmperature.
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FIG. 1. Relaxed geometry of 160 atoms supercell foriietilt -3.35 "
GB in copper viewed along thg001] direction. Atoms located in [~~~ 7 “"'LA'AT-[' TTw 7T “.'."i/' T a
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Figure Za) shows the variation of the relative GB energy
during the sliding of the&&5 Cu tilt GB. The sliding distance
is described in percentageg, (lattice parameter of the CSL

cell along[120] direction. We plot the energy profiles for

FIG. 3. Energy profile of the GB atoms as a function of the layer
away from the interface for coppéa) and aluminium(b). Dashed
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FIG. 2. The variation of the relative GB energy during the slid-
ing of theX5 tilt GB in copper(a) and aluminium(b). The sliding
distance is described in percentaggs , of the CSL cell along

[150] direction. The circles and triangles correspond to the “static”
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and the SA simulation, respectively.

4

line denotes the cohesive energy of bulk.

both the “static” (circles and SA(triangleg calculations.
For both cases, the profile is smooth, exibiting energy peaks
and valleys between them, with the latter being associated
with the GB migration. The migration rate of GB is indepen-
dent of annealing temperature. Note that the SA approach
reduces the sliding energy barrier by about a factor of 2
compared to the zero temperatytstatic” ) simulation. The
first migration occurs when the shear displacement is about
15%acg, . This contrasts with our previous results b Al

tilt boundary, where we found that the migration rate de-
pends on temperatufsee Fig. 2b)]. For example, the first
migration occur when the shear diplacement is about 40%
acg in the “static” calculation. On the other hand, SA cal-
culation gives the first migration when the shear is about
20% acg; -

To shed light on the related physical process, we next
examine the energy associated with atoms on different lay-
ers. Note, that calculations of the energy of an individual
atom make sense in the EAM scheffoe other glue model
potentia) and in total energy calculations cannot be defined
correctly. In Fig. 3 we show the energy profile of the grain-
boundary atoms as a function of the layer away from the
interface for coppefa) and aluminum(b). Both profiles in-
dicate that GB as a plane defect affects atoms localized
within a few layers from the interface. The striking feature of
the energy profile is the energy penalty for the aluminum
atom at the third layefsee Fig. 8)]. The atom 2(see Fig.

1), that controls the GB migratio(for more details see Ref.
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10), is positioned at an energy minimum. Therefore, in theof 5 tilt GB in copper at both elevated and zero tempera-
“static” calculations, atom 2 is pinned during the sliding. ture. It has been found that the SA approach reduces the GB
The atomic configuration coresponding to this process is assliding energy barrier by about a factor of 2 but interface
sociated with an energetic barrier and represents the worsobility is not sensitive to the annealing temperature. This
configuration of the GB structure. This demonstrates greagontrasts with our previous results for aluminum, where we
hindering effect of the atom 2 on the interface mobility. In found that the annealing temperature plays an important role
copper, atoms interacting across the interface experienGg the GB mobility. As has been shown, it is the hindering
higher electron density than in aluminum. This, in fact, effect of an atom placed in the second layer from the inter-
pushes up the energy of atoms positioned at the second laygfee i ajuminum for the coupling of annealing temperature
and forms monotonic decrease in energy associated with alhd GB migration. Hence, the difference on the energy pro-

oms as a function of d'Stan.CG from th_e GB plane. Whenﬁle across the interface in copper and aluminum is crucial to
comparing the GBS process in copper with that in alummumthermal effects on GB migration rate

atom 2 is able to relax into the upper grain even at zero
temperature. Thus, the effect of thermally independent GB We are indebted to Professor N. Kioussis for numerous
migration in copper can be ascribed to the different energyelpful discussions. This work was supported through the
profiles across the interface in copper and aluminum. European Union under 5th framework Project No. FUO5-CT-

In summary, MC calculations are used in conjunction with2000-00082 and the North Atlantic Treaty Organization un-
EAM interatomic potential to study the sliding and migration der Grant No. HTECH.LG.970619.
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