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Theoretical tensile strength of an Al grain boundary
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Theab initio tensile test has been applied to an AlS9 grain boundary by using theab initio pseudopotential
method. The theoretical tensile strength is 9.50 GPa at the strain 21%. As compared with the theoretical tensile
strength in the direction@001# or @111# of an Al single crystal, the boundary is still strong due to the interface
reconstruction. The interface extends at almost the same rate with the bulk interlayer until the strain of 19% in
spite of the reduced number of interfacial bonds, which indicates the special strength of the reconstructed
bonds. This feature can be regarded as a typical property of Al that strong local bonds are formed for
less-coordinated atoms at defects.
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I. INTRODUCTION

The theoretical~ideal! strength of a crystal is determine
by the maximum stress at elastic instability~yield or break!
when applying an increasing stress to an infinite, perf
~defect-free! crystal.1 It forms an upper limit to the strengt
of a real crystal, which is of both scientific and engineeri
value. The theoretical strength is an intrinsic material pr
erty, which is determined by the behavior of valence el
trons and ions. Similarly, the theoretical strength of an id
defective system containing only one defect such as a p
defect, an interface, a grain boundary, etc., can be determ
as the maximum stress required to reach elastic instab
under increasing load without introducing extrinsic disloc
tions or cracks. This can be regarded as intrinsic lo
strength of a defect region in real materials. It is of gre
importance to investigate such theoretical strength of b
perfect and defective systems in order to understand the
chanical properties of materials.

By virtue of the development of the density-function
theory~DFT!2,3 combined with the band-theoretical schem
and the rapid progress of modern computers,ab initio meth-
ods can be applied to calculate the theoretical strength
mechanical behavior of materials. About bulk crystals, a
electron methods such as the full-potential~FP! linear
muffin-tin orbital ~LMTO! method with the atomic-spher
approximation~ASA! or full-potential linearized augmente
plane wave~FLAPW! method have been used for metal
crystals such as W, Cu, Ir, and NiAl.4–6 Recently theab
initio pseudopotential method has been applied to the th
retical tensile or shear strength of a lot of crystals such
Al,7–9 SiC,10 Si3N4 ,11 Cu,7 W,12 diamond, Si and Ge,13 Mo
and Nb,14 and also MoSe nanowires.15 Some results can b
compared directly with that by the nanoindentati
experiment.16
0163-1829/2004/69~13!/134106~9!/$22.50 69 1341
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The ab initio pseudopotential method can now deal w
larger systems by coupling with recent new algorithms.17–19

This kind of scheme can be applied to the theoreti
strength and mechanical behavior of defective systems
addition to perfect crystals, although there exist only a f
applications to defective systems even at present. To
knowledge, theoretical tensile strength of Al with an atom
scale void9 and that of a tilt grain boundary of cubic SiC wit
nonpolar and polar interfaces20,21 have been examined
through ab initio tensile tests. And also theoretical she
strength and sliding behavior of a twist grain boundary in
~Ref. 22! and of tilt and twist boundaries in Al~Ref. 23! have
been examined throughab initio shear tests.~Here we call an
ab initio calculation of theoretical tensile strength asab initio
tensile test, and of theoretical shear strength asab initio
shear test.!

In our previous work,24–29 the effects of impurities Na,
Ca, Si, and S on an Al grain boundary have been investiga
by the ab initio pseudopotential method based on the lo
density functional theory. These impurities have been exp
mentally found to have embrittlement effects on an
boundary. The embrittlement mechanisms of respective
purity have been classified into different models, i.e., de
hesion model or bond mobility model through their differe
electronic and structural effects in the ground state. Howe
as pointed out in our previous work, it is of great importan
to performab initio tensile test andab initio shear test of
grain boundaries with these impurities so as to determine
embrittlement mechanisms by these impurities more ac
rately. In this paper, anab initio tensile test has been pe
formed on a clean Al grain boundary as a first step.

Usually Al is regarded as a typical simple metal. How
ever, recentab initio calculations have clarified the peculia
nature of Al different from other simple metals. For examp
the calculated binding energy of a divacancy in Al is neg
©2004 The American Physical Society06-1
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tive, because of the stabilization of a monovacancy due
the formation of strong Al-Al bonds with some covale
characters at the first shell,30 which is quite different from
other simple metals such as Mg.31 The formation of strong
local bonds with some covalent characters for le
coordinated or distorted atoms in Al has been also obse
in Al surfaces32 and shear distortion of Al.33 We will show in
this paper that interfacial bonds in the present Al gr
boundary have also such kind of characteristics.

In this paper, the supercell construction and computatio
method are explained in Sec. II, followed by Sec. III: resu
and discussion. The conclusions are made in the last sec

II. SUPERCELL CONSTRUCTION AND COMPUTATIONAL
METHOD

The supercell is the same as our previous reports,24–29 as
shown in Fig. 1, wherex, y, andz axes are@22̄1#, @114#,
and@110# directions, respectively. An AlS9 (22̄1)/@110# tilt
grain boundary is formed by rotating one grain by 38.9
along the@110# axis, and (22̄1) is set as the boundary plan
The coincidence site lattice~CSL! supercell on the boundar
plane is defined by (3&/2) a0 in the @11̄4̄# direction and
(&/2) a0 in the @110# direction, respectively, wherea0 is the
lattice constant of Al obtained by the present scheme.
size in the@110# direction is set twice as large as that of t
CSL, i.e.,&a0 . This double size is adopted so as to intr
duce impurity atoms at the interface without neighboring
each other. In the present study, we use the same cell in o

FIG. 1. Top view~a! and side view~b! of the supercell of AlS

9 (22̄1)/@110# tilt grain boundary. The lengths of three sides a
28.469, 8.379, and 5.586 Å, respectively. The supercell contain
atoms, which are in four~110! atomic layers, i.e., A, B, C, and D
whose face distance is the same as that of~110! in fcc-Al ~about
1.397 Å!. Layers C and D are equivalent to layers A and B, resp
tively, due to the double period in the@110# direction. The dark-gray
spheres indicate the atoms in the B~D! layer. The light-gray sphere
indicate the atoms of the A~C! layer. Some atoms are marked fo
later discussions.
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to make a comparison with future tensile tests with impu
ties. In the@22̄1# direction, two symmetric boundaries ar
introduced to make the periodicity. There are four~110!
atomic layers in the supercell, A, B, C, and D. Layer A
equivalent to layer C and layer B is equivalent to layer
because of the double period.

The rigid-body translation parallel to the interface c
make both the glide-plane and mirror-pane symmetry m
els. In the high-resolution electron microscopy~HRTEM!
observation,34 both types of configurations seem to exist
Al. The energy calculation using the EAM potential has i
dicated the relative stability of the glide-plane symme
model.34 A configuration with similar glide-plane symmetr
is also stable for the sameS9 boundary in SiC, to which the
ab initio tensile test has been applied.20–21Therefore we deal
with the configuration with the glide-plane symmetry in th
study. The present initial atomic configuration is similar
the observed one by the HRTEM.29

We employ the standard pseudopotential total-ene
method35 based on the DFT~Refs. 2 and 3! the local-density
approximation~LDA !.36,37 The wave functions are obtaine
by solving the Kohn-Sham equation using a plane wave
sis. The plane-wave kinetic energy cutoff is 15 Ry. The el
tronic ground state is obtained efficiently using t
conjugate-gradient technique proposed by Bylander, Kle
man, and Lee38 with the Kerker mixing scheme.39 This
method has been shown very efficient for determining
minimum of the Kohn-Sham total-energy functional for lar
systems containing metallic bonding.40 For summation over
Brillouin zone, a uniform grid of 32k points is chosen ac
cording to the Monkhorst-Pack scheme.41 The electronic
density is determined in a real space grid of 256364332
points.

The ab initio semirelativistic ionic pseudopotential of A
with norm conserving conditions is constructed through
Troullier-Martins scheme42 with the atomic electronic con
figuration 3s1.03p0.53d0.5 and cutoff radii 1.80, 2.00, and
2.00 ~a.u.! for the s, p, and d components, respectively.43

The separable form by Kleinman and Bylander44 is used with
the p orbital as the local component. The lattice consta
calculated by the generated pseudopotential is 3.95 Å for
Al, which is in good agreement with the corresponding c
rected experimental value of 4.02 Å at absolute 0 K.45

In the ab initio tensile test, the Hellman-Feynman the
rem is adopted to determine the tensile stress through
Nielsen-Martin scheme.46 The quasistatic energyEtotal (T
50 K) of the deformed grain boundary and the Hellma
Feynman stressessab (a,b51,2,3) on the supercell are ca
culated using the pseudopotential total-energy scheme w
the LDA. According to the Nielsen-Martin scheme, the stre
sab is calculated from

sab5
1

V

]Etotal

]«ab
, ~1!

where«ab is the strain tensor (a,b51,2,3), andV is the
volume of the supercell.

In the tensile test, a uniaxial tensile strain is introduc
into the stable configuration. The supercell is stretched b
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THEORETICAL TENSILE STRENGTH OF AN Al GRAIN . . . PHYSICAL REVIEW B69, 134106 ~2004!
small increment in the@22̄1# direction that is normal to the
boundary plane. The strain is determined by

«5~ l «2 l 0!/ l 0 , ~2!

wherel « is the length of the cell in the@22̄1# direction with
the strain« andl 0 is that of the initial cell. The cell lengths in
the @114# and @110# directions are fixed in order to reduc
the computational time, which implies that Poisson’s ratio
not considered in the tensile test. In other words, the pre
load is not uniaxialtensionbut uniaxialextension. The basis
vectorsaW 1 , aW 2 , andaW 3 in the @22̄1#, @11̄4̄#, and @110# di-
rections, respectively, defining the supercell then becom

aW 15~11«!a0x̂, aW 25
3&

2
a0ŷ, aW 35&a0ẑ, ~3!

wherex̂ , ŷ, andẑ are unit vectors in the@22̄1#, @11̄4̄#, and
@110# directions, respectively. In each strain step, start
atomic positions for relaxation are taken by uniform scal
from the relaxed coordinates of the preceding step, whic
necessary to ensure the continuous strain path. All the at
are relaxed according to the Hellman-Feynman forces u
all the forces are less than 0.05 eV/Å. After that, the to
energy and stress tensor are calculated. This cycle is iter
until the stress reaches the maximum value and the fai
starts. During the tensile test, the symmetric property of
system is naturally preserved. For example, all the atoms
located on four~110! layers in the cell and there occurs n
displacement deviating from such layers.

This procedure corresponds to a real tensile test at
temperature. Therefore phonon-induced dynamic instab
is not considered in the present calculation. The ten
strength computed here refers to the limit of internal stabi
under quasistatic deformation in the low-temperature lim

III. RESULTS AND DISCUSSION

A. Theoretical tensile strength

The total energy as a function of tensile strain is shown
Fig. 2. Total energy decreases at the strain 1%, and
increases. This is due to the boundary expansion after
initial relaxation, as shown in Fig. 3. The initial interfac
distance is set as the bulk interlayer distance, which de

FIG. 2. Total energy as a function of tensile strain in t
ab initio tensile test of the AlS9 grain boundary.
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mines the initial cell size along the@22̄1# direction. In the
initial relaxation, almost all the atoms at the right of th
boundary move to the right (@22̄1# direction!, and almost all
the atoms at the left of the boundary move to the left (@ 2̄21̄#
direction!. The moving distance of the atoms near the bou
ary is larger than that of the atoms far from the boundary.
example, atom E moves to the right by about 0.10 Å, 0.3
of the cell size in this direction, while atom F moves to t
left by about 0.12 Å, 0.42% of the cell size in this directio
Therefore, there exists the residualcompressivestress in the
supercell, as will be shown. When the supercell is stretch
the residual stress is relaxed at first, and thus the total en
becomes a little lower.

The tensile stress of the Al grain boundary as a funct
of tensile strain is shown in Fig. 4. The stresses in the@22̄1#,
@114#, and @110# directions are plotted. All the shear com
ponents of the stress tensor are negligible~lower than
1026 GPa) and can be regarded as zero at the error ra
This is due to the symmetry of the present cell with t
uniaxial tensile strain.

The tensile stress along the@22̄1# direction, normal to the
interface, reveals the theoretical tensile strength of
present boundary. However, tensile stresses along the@114#
and @110# directions parallel to the boundary plane are a
generated, as shown in Fig. 4. This is because the pre
load is not uniaxialtensionbut uniaxialextension, as men-
tioned above. This condition is similar to the previo
ab initio tensile tests on a SiC grain boundary20,21 and an Al
single crystal with an atomic void.9 In order to realize
uniaxial tension, the cell sizes along these two direction
should be adjusted~reduced! in each step, naturally accord
ing to the Poisson’s ratio, so that the stresses in these
directions become zero. The presentextensionprocess is
equivalent to loading tension along these two directions
prevent such contraction. This should overestimate the th
retical tensile strength as the case of a tensile test of b
crystal.47

There remain small compressive stresses in the initial
percell with the strain 0%, as shown in Fig. 4. In the@22̄1#
direction, the compressive stress is as high as 3.99 G
nearly twice as large as that in the@114# direction, 1.96 GPa,

FIG. 3. The relaxed configuration of the left half part of lay
B~D! and A~C! in the supercell without strain. E, F and E8, F8
correspond to the atoms marked in Fig. 1. Atom positions of
initial supercell are represented by the smaller spheres, in which
dark-gray and light-gray ones represent the atom positions of B~D!
and A~C! layer, respectively. The bigger circles indicate atom po
tions after the relaxation. The arrows indicate the direction of ato
moving after the relaxation.
6-3
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and about four times larger than that in the@110# direction,

1.04 GPa. The compressive stress in the@22̄1# direction is
caused by the boundary expansion in the relaxation of
initial supercell as mentioned above. The lower compress
stresses in the@114# and @110# directions at the strain 0%
should be generated as a result of the compression alon

@22̄1# direction. The difference in the magnitudes of the tw
components may be caused by some geographic aniso
of the present configuration as observed in the tensile tes

a S9 (22̄1)/@110# tilt boundary in SiC.20,21

It is shown in Fig. 4 that the tensile stress normal to
interface increases with the increase of the tensile strain
the strain 21%, the stress reaches the maximum value, a
9.50 GPa. After this strain, the stress decreases. There
the theoretical tensile strength of the AlS9 grain boundary is
9.50 GPa, which is the upper bound of the tensile strengt
this boundary.

Table I lists the theoretical tensile strengthsmax and the
corresponding maximum strain«max of an Al single crystal.
All were obtained by theab initio pseudopotential method
There are, unfortunately, no tensile strength results of
single crystal in the@22̄1# direction, which should be di-
rectly compared with our results. However, the theoreti
tensile strength in the@001# and @111# directions listed in
Table I indicates that the magnitude of the strength of the
single crystal may not be so dependent on the tensile di
tions. Because a grain boundary contains a disordered i
facial configuration, the theoretical tensile strength should
lower than that of the perfect crystal. The maximum tens
stress of the present Al boundary, i.e., 9.50 GPa by our
culation is a bit lower than that in the@100# or @111# direction
of the perfect Al crystal. This means that the present bou
ary is rather strong. This is due to the reconstructed inte
cial bonds, which will be discussed in detail in the followin
subsections. Here it should be noted that the present rela
between the tensile strength of the boundary and that of
perfect crystal is similar to the previous results of the rec
structed interfaces of theS9 (22̄1)/@110# tilt grain boundary
in SiC,20,21 where the values of the tensile strength are
and 42 GPa for polar and nonpolar interfaces, respectiv
as compared with that of the perfect SiC crystal, 50.8 GPa
the @111# direction.

TABLE I. The theoretical tensile strengthsmax and the corre-
sponding strain«max.

Al «max smax ~GPa!

@001#a 20% 1161
@001#b 36% 12.54
@111#b 29.5% 11.05

S9 Grain Boundaryc 21%61 9.50
Filamentd 2.9% 2.25

aReference 8.
bReference 10.
cPresent calculation.
dReference 48.
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On the other hand, it is not so easy to judge the accur
of our results by direct comparison with experiments. Th
are no comparable experimental data of Al samples cont
ing only grain boundaries~dislocation free!. The range of the
tensile strength of polycrystalline Al sheets in the differe
conditions is from 55 to 145 MPa at the elongation from
to 55%,49 much lower than that of the present bounda
However, the tensile strength of an Al filament tested
Gane48 is much higher. The width of the Al filament~single
crystal! used by Gane is 10.0mm and the thickness is 0.6
mm. The maximum tensile stress is 2.25 GPa at the m
mum elastic strain 2.9%. But this is still much smaller th
the strength of the bulk crystal listed in Table I and t
present boundary. This is because the dislocation mo
dominates the strength of these experimental samples. In
crystals, the major defects inside the grain are dislocatio
the motion of which usually results in a considerable red
tion in strength as compared with ideal strength without a
dislocations.50

After the maximum tensile stress at the strain of 21%,
stress decreases very slowly. This is different from the po
interface of theS9 boundary in SiC with similar glide-plane
symmetry,21 where the stress decreases rapidly after
maximum stress~48 GPa! at the strain 14%. This sugges
the different characteristics between metallic bonds and
valent bonds. SiC is a typical covalent-bonding material.
covalent materials, atoms are bound by shared valence e
trons, and the bond has strong directional properties.
covalent bond is generally stronger than the metallic bo
and in the case of bond breaking, the strength decreases
idly. However, Al is a typicalsp-valent metal, where valenc
electrons are less localized as compared with covalent m
rials. Although the interfacial bonds of the present interfa
have different features as will be discussed, the stress-s
curve in Fig. 4 seems to reveal basically metallic featur
Similarly, in Fig. 2, the energy is still increasing after th
maximum tensile strength at 21%, which means the sys
is still unstable. This infers that the failure has not be
completed.

FIG. 4. Tensile stress as a function of tensile strain of the AS
9 grain boundary. The filled circles, squares, and triangles indic

the stress inx@22̄1#, y@11̄4̄#, z@110# directions, respectively.
6-4
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B. Valence charge density

In metallic systems, valence charge density distribut
reveals the features of local atomic bonds. We analyze
charge density of layer B containing boundary atoms
shown in Fig. 1. Figure 5 shows the charge density distri
tions in the left half part of layer B on the@110# cross section
with the increase of the strain. Figure 6 shows the cha
density of perfect fcc-Al on the@110# cross section. It should
be noted that the@11̄0# direction is one of the most closel
packed directions. In the present boundary, EH, HJ, and
bonds, for example, correspond to this kind of first-neigh

@11̄0# bond. If comparing the charge density of the bound
at the strain 0%@Fig. 5~a!# with that of perfect Al, the charge
density at such@11̄0# bonds of the boundary is higher. Th
is because the bulk regions in the supercell are slightly c

FIG. 5. The valence charge density distribution of the left h
part of the B layer in the supercell at the strain~a! 0%, ~b! 3%, ~c!
9%, ~d! 13%,~e! 15%,~f! 17%,~g! 19%,~h! 21%,~i! 25%,~j! 27%,
respectively. The interval of the contours is 0.004e/a.u.3
13410
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pressed by the boundary expansion after the initial relaxa
as mentioned above. Thus at the strain 3%@Fig. 5~b!# where

the compression is relaxed, the charge density at the@11̄0#
bonds is in a similar range to that of perfect Al.

In Fig. 5, EF and symmetrically equivalent E8F8 bonds
are the interfacial reconstructed bonds. At the strain 0%,
charge density at the EF bond is greater than 0.036e/a.u.3

This is the highest one as compared with the charge den
values at the@11̄0# bonds such as FG, EH, and HJ, whic
are all intervening between 0.032e/a.u.3 and 0.036e/a.u.3 At
the strain 3%, the EF bond still has the highest density va
The increased bond charge at the EF bond center has fea
rather similar to covalent materials such as Si. Howev
there exists a low-density region between the EF and E8F8
bonds at the interface. In this region, the charge density i
lower as 0.012e/a.u.3 at the strain 0%.

An atom in fcc structure has 12 nearest neighbors. At
interface, atom E loses 5 and atom F loses 3 of them be
the interface formation. Namely, atom E has only 7 near
neighbors left and atom F has only 9 left. Through the int
face formation, atom E recovers three neighbors across
interface, namely, atom F and atoms R in the two differ
layers. Atom F recovers only one neighbor, namely, atom
As compared with the interlayer between the bulk@22̄1#
layers, the number of first-neighbor bonds across the in
face is clearly reduced and the directions of reconstruc
bonds are different, which results in the formation of t
low-density region at the interface. However, as shown
Fig. 5, the reconstructed EF and E8F8 bonds seem to be
rather strong with increased bond charge. This should
involved in the large tensile strength of the present bound
comparable to that of ideal crystal.

With the strain increasing, the charge density decrea
The charge density at the EF bond remains the highest u
the strain 13%, as shown in Figs. 5~b!–5~d!. For example, at
the strain 9%, the charge density at the EF bond is hig
than 0.028e/a.u.3, but that of FG, EH, and HJ is lower tha
0.028e/a.u.3 At the strain 13%, the charge density at the E
bond is still higher than 0.024e/a.u.3

For the strains 15, 17, and 19 %@Figs. 6~e!–6~g!#, the
low-density region near the EF bond as mentioned ab
expands near the interval of the charge at the EF bond. T
the charge density at the EF bond is in a similar range to
of the other@11̄0# bonds ~FG, EH, and HJ!. The density
values are all higher than 0.020e/a.u.3 and lower than
0.024e/a.u.3 at the strains 15 and 17 %.

These features of the charge density at the EF bond i
cate that this reconstructed bond sustains the tensile stre
least until 19%. However, for the strain over 19%, as sho
in Figs. 6~h!–6~j!, the charge density at the EF bond d
creases more rapidly than the other@11̄0# bonds. It reaches
as low as nearly 0.012e/a.u.3 at the strain 25% and
0.008e/a.u.3 at the strain of 27%. The low-density regio
extends further to the interval at the EF bond. It seems
the failure will be completed if the low-density region e
tends throughout the interface. On the other hand, the ch
density at the FG, EH, and HJ bonds decreases gradu
between 0.020e/a.u.3 and 0.016e/a.u.3 for the strain over

f

6-5
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19%. Note that the strain 21%, where the rapid decreas
the EF bond charge apparently starts, corresponds to
strain of the maximum tensile stress. This indicates that
breaking of the reconstructed EF bond mainly dominates
strength of the present boundary. In other words, the bre
ing of the EF bond mainly means the failure of this boun
ary.

C. Bond length

Figure 7 shows the changes of the bond lengths of
interfacial reconstructed EF bond and the back bonds of
EF bond as a function of the tensile strain. Only the sy
metrically independent bonds are shown. EH, ET, and ES
the back first-neighbor bonds of atom E, and FG, FP, FQ,
FR are the back first-neighbor bonds of atom F. The vert
axes in Fig. 7 are set as

l 2 l Al

l Al
3100, ~4!

wherel is length of the bond during the tensile test andl Al is
the bond length of perfect fcc-Al, i.e., 2.793 Å from th
present calculation.

First we consider the length change of the EF bo
namely, the interfacial reconstructed bond. At the strain 0
the EF bond length is 2.659 Å, 4.8% shorter than that
perfect Al. At the strain 3% where the compressive stres
removed, this bond is still shorter than the bulk bond leng
These facts as well as the charge density analyzed a
suggest that the reconstructed EF bond be stronger than
bonds. With the strain increasing, the EF bond extends
most linearly until the strain 19%. At the strain 19%, the E
bond length is 3.145 Å, 12.6% longer than that of perfect
At the strain 21% revealing the maximum stress, the
bond is 3.229 Å, 15.6% longer than that of perfect Al. Fro
21%, the EF bond extends rapidly. It elongates to 3.606
29.1% longer than that of perfect Al at the strain 27%.

FIG. 6. The valence charge density distribution of fcc-Al on t
~110! cross section. The interval of the contours is 0.004e/a.u.3.
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About the back bonds of atom E@Fig. 7~a!#, the EH and
ET bonds are 0.6 and 2.2 % shorter than that of perfect
and the ES bond is 1.3% longer than that of perfect Al at
strain 0%. As shown in Fig. 7~a!, the EH bond extends al
most linearly until the strain over 21%. It is quite interestin
that the linear coefficient of the EH bond extension is simi
to that of the EF bond until 19%. For the strain over 21%,
increase of the EH bond length becomes slower, and the
bond become shorter than the EF bond at the strain o
23%. On the other hand, the ET bond length increases v
slowly with the strain increasing until the strain 25%, aft
which it contracts. The ES bond is almost unchanged u
19%.

About the back bonds of atom F@Fig. 7~b!#, the lengths of
FG, FP, and FQ at the strain 0% are 1.8, 1.6, and 2.
shorter than that of perfect Al, respectively, while the F
bond is 2.5% longer. As shown in Fig. 7~b!, the FG bond
extends almost linearly until the strain 19%. It is also qu
interesting that the linear coefficient of the FG bond exte
sion is similar to those of the EF and EH bonds until 19
For the strain over 19%, the increase of the FG bond len
almost stops, and this bond contracts at the strain 25%.
the other hand, the increases of the FP and FQ bond len
are slow, and the FR bond is almost unchanged.

In Fig. 7, the length of the interfacial EF bond has a rap
increase~deviation from the linear increase! from the strain
21%. By considering the changes in the charge density
tribution mentioned above, it can be said that the EF bo
breaking has started at this point. This strain is that with

FIG. 7. The bonds length as a function of strain during t
ab initio tensile test of AlS9 grain boundary. The bonds lengt
between atom E and its nearest neighbor are shown in~a!, and that
between atom F and its nearest neighbor are shown in~b!. The
length of the reconstructed EF bond is shown in both~a! and~b! for
comparison.
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TABLE II. Projections of the bonds~Å! in the @22̄1# direction at the strain 0%.

Bond EF ER EH ES ET FG FP FQ FR

Projection 2.596 1.771 2.584 0.511 1.927 2.598 1.876 0.592 0.
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maximum tensile stress. Thus it can be said that the EF b
~and E8F8 bond! dominates the tensile strength, and that
breaking of this bond mainly means the failure of this boun
ary. At the strain 21%, the stretching of the EF bond is 15.
against the perfect Al. This critical stretching is rather shor
than that observed in the SiC boundary,20,21 where the Si-C
bond breaking starts if local bond stretching approache
about 20%. Of course, in the present case, the interfa
atoms are less-coordinated in contrast to the bulklike fo
coordinated configurations of the SiC boundary. And
seems that usual@11̄0# bonds in Al can sustain large
stretching as the behavior of the EH bond in Fig. 7~a!.

After the starting of the EF bond breaking, the increase
the EF bond length and the contraction of the stretched b
bonds EH and FG are rather slow in Fig. 7 as compared w
the behavior observed in the SiC boundary.20,21 This feature
should be the origin of very slow decrease in the ten
stress after the maximum point in Fig. 4 as discussed ab
This feature should be concerned with the difference
tween covalent bonding and metallic bonding. Insp-valent
metals, valence electrons with no strong directional or loc
ized characters cause longer ranges of atomic interact
and larger numbers of neighbors as compared with cova
materials, although the present interfacial bonds seem
have different features as will be discussed.

In Fig. 7, the extension rates of back bonds are qu
different, which should depend on the projected length
these bonds in the tensile direction. This can be clearly a
lyzed in Table II. Table II lists the projected bond length
the @22̄1# direction. The larger the projection of the bon
length, the more the bond extends under the strain in
direction. It is clear that the EH and FG bonds has lar
projected lengths similar to that of the EF bond. This is
reason why these three bonds have larger extensions.

The projections of these bonds in the@22̄1# direction are
the differences in thex coordinates of the two atoms of th
bond. In other words, the projected lengths of the EF, F
and EH bonds correspond to the interlayer or interface
tances between each$22̄1% atomic layers. Thus we perform
an additional analysis so as to clarify the changes of
position of each$22̄1% atomic layer, namely, thex coordi-
nate of each atom, in the tensile test. To analyze this,
calculated the moving distance of atoms constituting
bonds in Fig. 7 as a function of tensile strain, as shown
Fig. 8. The moving distance in the@22̄1# direction is defined
by

x«2~11«!x0 , ~5!

wherex« andx0 are thex coordinates of atoms at the stra
« and 0, respectively. Therefore, the moving distance is r
tive to atomic positions when the cell is linearly extended
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strain«, though this is not the case due to the atomic rel
ation. Obviously, an increase of the moving distance imp

the right move~i.e., the@22̄1# direction in Fig. 1!, while a

decrease implies the left move~i.e., the @ 2̄21̄# direction!,
relative to the linear extension of thex coordinates at the
strain 0%.

It should be noted that the results of atoms S and R
those of T and Q are symmetrically equivalent, respectiv
For small strains until 5%, all the atoms have local displa
ments deviating from the linear change, which should
related to the relaxation of the initial compressive stress
the supercell. However, after the strain 5%, the moving d
tance of all atoms is almost the constant value until the st
19%. This means that thex coordinate of each atom extend
linearly after the strain 5% and until 19%. Namely, it can
said that interlayer or interface distances between e

$22̄1% atomic layers extend rather uniformly from the stra
5% to the strain 19%. From the strain over 19%, all t
atoms move differently, and the relative distances betw
the x coordinates of atoms deviate from the linear chan
Atoms E and F move to contrary directions from the stra
21%, which means the rapid increase of the interfacial d
tance, consistent with the rapid increase of the EF bo

FIG. 8. Moving distance of the atoms as a function of tens
strain. The moving distance of atom E and its nearest neighbor
S, and T is shown in~a! and of atom F and its nearest neighbors
P, Q, R is shown in~b!.
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length in Fig. 7. Other atoms move so as to reduce the
jected length of the bonds with atom E or F relatively to t
linear extension.

The most striking result is that the extension of the int
facial EF bond increases almost linearly from the strain
to the strain 19%, and its linear coefficient is almost the sa
as those of the FG and EH bonds in the bulk region,
shown in Fig. 7. Similarly, we can see in Fig. 8 that t
interlayer distances between the$22̄1% atomic layers of at-
oms G, F, E, and H extend uniformly from the strain 5%
the strain 19%. This means that the interface distance
tween the layers of E and F extends similarly to the b
interlayers between the layers of G and F and those of E
H. This is very strange because of the reduced numbe
interfacial bonds and the different directions of reconstruc
bonds across the interface. Therefore we have to conside
special strength of the reconstructed EF bond at the interf
In the stable configuration without strain, the EF bond
shorter than the bulk bond, and has increased bond ch
with similar features to covalent bonds. The formation of t
present strong interfacial bonds should be the same kin
phenomena as recently observed inab initio calculations of
Al vacancies,30,31Al surfaces,32 and shear distortion of Al.33

It can be said that strong local bonds with some cova
characters are formed for less-coordinated or greatly
torted atoms in Al, quite differently from most of othe
simple or noble metals. In the tensile test, such kind of str
bonds can sustain the tensile stress, which results in the
tension of the interface at almost the same rate as the
interlayer until the start of the failure, though the number
interfacial bonds decreases. The reason that the failure s
at the interface should be the reduced number of bo
across the interface and the presence of the low-density
gions, and thus the local stress is concentrated on the re
structed bonds for larger strains.

Finally it should be mentioned that there is another int
facial bond, i.e., ER bond. Its bond length in the stable c
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IV. CONCLUSIONS
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