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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¥¥ grain boundary by using thesb initio pseudopotential
method. The theoretical tensile strength is 9.50 GPa at the strain 21%. As compared with the theoretical tensile
strength in the directiof001] 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 ab initio pseudopotential method can now deal with
larger systems by coupling with recent new algoritHf1s?

The theoreticalideal strength of a crystal is determined This kind of scheme can be applied to the theoretical
by the maximum stress at elastic instabiligyeld or brealk ~ strength and mechanical behavior of defective systems in
when applying an increasing stress to an infinite, perfecaddition to perfect crystals, although there exist only a few
(defect-free crystal® It forms an upper limit to the strength applications to defective systems even at present. To our
of a real crystal, which is of both scientific and engineeringknowledge, theoretical tensile strength of Al with an atomic-
value. The theoretical strength is an intrinsic material propscale void and that of a tilt grain boundary of cubic SiC with
erty, which is determined by the behavior of valence elecnonpolar and polar interfacds! have been examined
trons and ions. Similarly, the theoretical strength of an ideathrough ab initio tensile tests. And also theoretical shear
defective system containing only one defect such as a poirgtrength and sliding behavior of a twist grain boundary in Ge
defect, an interface, a grain boundary, etc., can be determiné®ef. 22 and of tilt and twist boundaries in ARef. 23 have
as the maximum stress required to reach elastic instabilitheen examined througib initio shear test§Here we call an
under increasing load without introducing extrinsic disloca-ab initio calculation of theoretical tensile strengthaisinitio
tions or cracks. This can be regarded as intrinsic locatensile test, and of theoretical shear strengthabsinitio
strength of a defect region in real materials. It is of greatshear tes}.
importance to investigate such theoretical strength of both In our previous work*~2° the effects of impurities Na,
perfect and defective systems in order to understand the mea, Si, and S on an Al grain boundary have been investigated
chanical properties of materials. by the ab initio pseudopotential method based on the local

By virtue of the development of the density-functional density functional theory. These impurities have been experi-
theory (DFT)?® combined with the band-theoretical schemesmentally found to have embrittiement effects on an Al
and the rapid progress of modern computatsjnitio meth-  boundary. The embrittlement mechanisms of respective im-
ods can be applied to calculate the theoretical strength anglrity have been classified into different models, i.e., deco-
mechanical behavior of materials. About bulk crystals, all-hesion model or bond mobility model through their different
electron methods such as the full-potenti®@P) linear electronic and structural effects in the ground state. However,
muffin-tin orbital (LMTO) method with the atomic-sphere as pointed out in our previous work, it is of great importance
approximation(ASA) or full-potential linearized augmented to performab initio tensile test andb initio shear test of
plane wave(FLAPW) method have been used for metallic grain boundaries with these impurities so as to determine the
crystals such as W, Cu, Ir, and NiAT® Recently theab  embrittlement mechanisms by these impurities more accu-
initio pseudopotential method has been applied to the theaately. In this paper, amb initio tensile test has been per-
retical tensile or shear strength of a lot of crystals such aformed on a clean Al grain boundary as a first step.

Al, "~ sic 1% si;N, M cu,” W12 diamond, Si and GE Mo Usually Al is regarded as a typical simple metal. How-
and Nb* and also MoSe nanowirés.Some results can be ever, recengb initio calculations have clarified the peculiar

compared directly with that by the nanoindentationnature of Al different from other simple metals. For example,
experiment® the calculated binding energy of a divacancy in Al is nega-
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y[114] to make a comparison with future tensile tests with impuri-
ties. In the[221] direction, two symmetric boundaries are

GB. x[221g g z introduced to make the periodicity. There are fdddo0
@ Py e aT ) P T 9 |o atomic layers in the supercell, A, B, C, and D. Layer A is
960 @ ¢ Qv _ @ %9 ° 2 1® equivalent to layer C and layer B is equivalent to layer D
@ “op fios 9’ e 2 o ¥ because of the double period.
= ° Do 2 o o9 @~ The rigid-body translation parallel to the interface can
. . 9 T8 ® 1o make both the glide-plane and mirror-pane symmetry mod-
0 5 15 20 25 @ els. In the high-resolution electron microscosfRTEM)
2[110] observatior?* both types of configurations seem to exist in
Al. The energy calculation using the EAM potential has in-
L x[221] dicated the relative stability of the glide-plane symmetry
(b) G.B. G.B. model* A configuration with similar glide-plane symmetry
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is also stable for the san®¥9 boundary in SiC, to which the
ab initio tensile test has been appli#td?! Therefore we deal
with the configuration with the glide-plane symmetry in this
study. The present initial atomic configuration is similar to
the observed one by the HRTER.

FIG. 1. Top view(a) and side view(b) of the supercell of AL, We employ the standard pseudopotential total-energy

= . . . 5 .
9 (221)/[110] tilt grain boundary. The lengths of three sides are methoé_f based on the DFTRefs. 2 and Bthe local-density
28.469, 8.379, and 5.586 A, respectively. The supercell contains 8@Pproximation(LDA).*** The wave functions are obtained
atoms, which are in fouf110) atomic layers, i.e., A, B, C, and D, by solving the Kohn-Sham equation using a plane wave ba-
whose face distance is the same as thatlaf) in fcc-Al (about  Sis. The plane-wave kinetic energy cutoff is 15 Ry. The elec-
1.397 A. Layers C and D are equivalent to layers A and B, respecironic ground state is obtained efficiently using the
tively, due to the double period in th&10] direction. The dark-gray  conjugate-gradient technique proposed by Bylander, Klein-
spheres indicate the atoms in théB) layer. The light-gray spheres man, and Le® with the Kerker mixing schem®. This
indicate the atoms of the #C) layer. Some atoms are marked for method has been shown very efficient for determining the
later discussions. minimum of the Kohn-Sham total-energy functional for large
systems containing metallic bondifyFor summation over
tive, because of the stabilization of a monovacancy due t®rillouin zone, a uniform grid of 3% points is chosen ac-
the formation of strong Al-Al bonds with some covalent cording to the Monkhorst-Pack schefteThe electronic
characters at the first shéfl,which is quite different from density is determined in a real space grid of 2&B#x 32
other simple metals such as MbThe formation of strong points.
local bonds with some covalent characters for less- The ab initio semirelativistic ionic pseudopotential of Al
coordinated or distorted atoms in Al has been also observedith norm conserving conditions is constructed through the
in Al surfaces? and shear distortion of A We will show in  Troullier-Martins schenf® with the atomic electronic con-
this paper that interfacial bonds in the present Al grainfiguration 3%°3p®%3d®® and cutoff radii 1.80, 2.00, and
boundary have also such kind of characteristics. 2.00 (a.u) for the's, p, andd components, respectively.

In this paper, the supercell construction and computational he separable form by Kleinman and Bylarfdés used with
method are explained in Sec. Il, followed by Sec. Il resultsthe p orbital as the local component. The lattice constant
and discussion. The conclusions are made in the last sectiocalculated by the generated pseudopotential is 3.95 A for fcc
Al, which is in good agreement with the corresponding cor-
rected experimental value of 4.02 A at absolute PK.

In the ab initio tensile test, the Hellman-Feynman theo-
rem is adopted to determine the tensile stress through the

The supercell is the same as our previous regitS,as ~ Nielsen-Martin schem& The quasistatic energfio (T
shown in Fig. 1, where, y, andz axes are{zfl], [1ﬂ]: =0K) of the deformed grain boundary and the Hellman-

LT . — ) Feynman stresses,; (a,8=1,2,3) on the supercell are cal-
and[110] directions, respectively. An A9 (221)/[110] tilt : o ; ) s
grain boundary is formed by rotating one grain by 38.94oculated using the pseudopotential total-energy scheme within

. __) the LDA. According to the Nielsen-Martin scheme, the stress
along the[110] axis, and (22) is set as the boundary plane. 745 i calculated from

The coincidence site lattiocgCSL) supercﬂon the boundary

plane is defined by (&/2)a, in the [114] direction and 1 9Eioa

(v212) a, in the[110] direction, respectively, whera, is the Tap™ () T ap ' @)
lattice constant of Al obtained by the present scheme. The

size in the[110] direction is set twice as large as that of the wheree 4 is the strain tensord,=1,2,3), and(} is the
CSL, i.e.,v2aq. This double size is adopted so as to intro- volume of the supercell.

duce impurity atoms at the interface without neighboring to In the tensile test, a uniaxial tensile strain is introduced
each other. In the present study, we use the same cell in ord@tto the stable configuration. The supercell is stretched by a

0 2 44

Il. SUPERCELL CONSTRUCTION AND COMPUTATIONAL
METHOD

134106-2



THEORETICAL TENSILE STRENGTH OF AN Al GRAIN.. .. PHYSICAL REVIEW B59, 134106 (2004

-353.1

P G.B.
—~-3534 IR
3 e ©f F é}'
. o g L0 Yo ¥
o S @ te. O 0
2 3540 g ~NT 4.@ E | F ?—V
o . / ol 4-@ . i \ .
83543 1% ] ; o ¥ 3 6 9 12 &)
[+] s :
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i B(D) and AC) in the supercell without strain. E, F and ,EF’

000 004 %gns?llé s:.;;ino.zo 024 028 correspond to the atoms marked in Fig. 1. Atom positions of the

initial supercell are represented by the smaller spheres, in which the
FIG. 2. Total energy as a function of tensile strain in the dark-gray and light-gray ones represent the atom positiong@j B
ab initio tensile test of the AB9 grain boundary. and AC) layer, respectively. The bigger circles indicate atom posi-
tions after the relaxation. The arrows indicate the direction of atoms
small increment in th§221] direction that is normal to the Moving after the relaxation.

boundary plane. The strain is determined by ) L _ —
mines the initial cell size along tH&21] direction. In the

e=(l,—lg)/lg, 2) initial relaxation, almost all the atoms at the right of the
boundary move to the righf 221] direction, and almost_all

wherel, is the length of the cell in thg221] direction with v
e . L . the atoms at the left of the boundary move to the |E221]

the straire andl, is th‘fﬂ of.the initial _ceII. The cell lengths in direction. The moving distance of the atoms near the bound-

the [114] and[110] directions are fixed in order to reduce . is|arger than that of the atoms far from the boundary. For

the computational time, which implies that Poisson’s ratio isexample, atom E moves to the right by about 0.10 A, 0.35%

not considered in the tensile test. In other words, the presenf the cell size in this direction. while atom E moves to the
load is not uniaxiatensionbut uniaxialextensionThe basis ot 1y apout 0.12 A, 0.42% of the cell size in this direction.
vectorsdy, &,, andds in the[221], [114], and[110] di-  Therefore, there exists the resideampressivetress in the
rections, respectively, defining the supercell then become supercell, as will be shown. When the supercell is stretched,
3v3 the residual stress is relaxed at first, and thus the total energy
d=(1+e)agk, 8r=——any, ds=viagZ, 3 becomes a_IlttIe lower. _ _
1=(1+e)a 2= do¥r 0 @ The tensile stress of the Al grain boundary as a function
of tensile strain is shown in Fig. 4. The stresses i @21 ],
114], and[110] directions are plotted. All the shear com-
onents of the stress tensor are negligilflewer than
~5 GPa) and can be regarded as zero at the error range.

whereX, §, andz are unit vectors in thg221], [114], and
[110Q] directions, respectively. In each strain step, startin
atomic positions for relaxation are taken by uniform scaling
from the relaxed coordinates of the preceding step, which is”. . :
necessary to ensure the continuous strain path. All the atoméq.IS IS due .to the.symmetry of the present cell with the
are relaxed according to the Hellman-Feynman forces unti'1m'axIal tensile strain. —
all the forces are less than 0.05 eV/A. After that, the total The tensile stress along th221] direction, normal to the
energy and stress tensor are calculated. This cycle is iteratddferface, reveals the theoretical tensile strength of the
until the stress reaches the maximum value and the failurgresent boundary. However, tensile stresses alon@lih4]
starts. During the tensile test, the symmetric property of theéind[110] directions parallel to the boundary plane are also
system is naturally preserved. For example, all the atoms ai@enerated, as shown in Fig. 4. This is because the present
located on four(110) layers in the cell and there occurs no load is not uniaxiatensionbut uniaxialextensionas men-
displacement deviating from such layers. tioned above. This condition is similar to the previous
This procedure corresponds to a real tensile test at zer@b initio tensile tests on a SiC grain bound&¥* and an Al
temperature. Therefore phonon-induced dynamic instabilitgingle crystal with an atomic voitl.In order to realize
is not considered in the present calculation. The tensiléiniaxial tension the cell sizes along these two directions
strength computed here refers to the limit of internal stabilityshould be adjuste@reduced in each step, naturally accord-
under quasistatic deformation in the low-temperature limit. ing to the Poisson’s ratio, so that the stresses in these two
directions become zero. The presemttensionprocess is

IIl. RESULTS AND DISCUSSION equivalent to loading tension along these two directions to
_ _ prevent such contraction. This should overestimate the theo-
A. Theoretical tensile strength retical tensile strength as the case of a tensile test of bulk

. . - . 47
The total energy as a function of tensile strain is shown irfFrystal . _ _ o
Fig. 2. Total energy decreases at the strain 1%, and then There remain small compressive stresses in the initial su-
increases. This is due to the boundary expansion after thgercell with the strain 0%, as shown in Fig. 4. In {f&21]
initial relaxation, as shown in Fig. 3. The initial interface direction, the compressive stress is as high as 3.99 GPa,
distance is set as the bulk interlayer distance, which detemearly twice as large as that in th&14] direction, 1.96 GPa,
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TABLE I. The theoretical tensile strengi,,,, and the corre- |
sponding straire yax. 10 . _._.?--._-.__.
Ts o1 219,
Al €max O max (GPa E o
0 6 y o400
[001]? 20% 111 = po o faa
[001]P 36% 12.54 . o »;‘2 AT
[111° 29.5% 11.05 /o’ e 75
39 Grain Boundary 21%+1 9.50 0 2 S d
Filament 2.9% 2.25 2 /'L;’
0 ;i
aReference 8. g o
PReference 10. 207y
‘Present calculation. 4 /
dReference 48.

0.00 0.04 0.08 0.12 0.16 020 0.24 0.28

and about four times larger than that in eL0] direction, tensile strain

1.04 GPa. The compressive stress in [tBEl] direction is FIG. 4. Tensile stress as a function of tensile strain of th& Al
caused by the boundary expansion in the relaxation of the grain boundary. The filled circles, squares, and triangles indicate
initial supercell as mentioned above. The lower compressivehe stress i[221], y[114], z[110] directions, respectively.

i 14 I 1 I 0,
stresses in th¢114] and[110] directions at the strain 0% On the other hand, it is not so easy to judge the accuracy

should be generated as a result of the compression along t¢ o regyits by direct comparison with experiments. There

[221] direction. The difference in the magnitudes of the twoare no comparable experimental data of Al samples contain-

components may be caused by some geographic anisotrojryg only grain boundarie&lislocation freg The range of the

of the present configuration as observed in the tensile test dsensil_e_ strength of polycrystalline Al sheets in the different

a9 (221)/[110] tilt boundary in Sic2o-2! conditions is from 55 to 145 MPa at the elongation from 10
39 (221)/[110) Y to 55%:2° much lower than that of the present boundary.

It is shown in Fig. 4 that the tensile stress normal to theHowever, the tensile strength of an Al filament tested by

interface increases with the increase of the tensile strain. A{B nd®is much higher. The width of the Al filamefsingle
the strain 21%, the stress reaches the maximum value, abo&@stap used by Ggané is 10.am and the thickness isgo 66

?HS(?[hGPa;[.Afﬁr th!ls s'E[ram, tthhef?;[]re%; dec.regses.dThe.refoL%_ The maximum tensile stress is 2.25 GPa at the maxi-
€ theoretical tensiie strength ot the5Y grain boundary 1S um elastic strain 2.9%. But this is still much smaller than

9.50 GPa, which is the upper bound of the tensile strength e strength of the bulk crystal listed in Table | and the

this b°““d"%‘fy- . . present boundary. This is because the dislocation motion
Table | I|_sts the ?heorencal_ tensile streng_i-h]ax and the dominates the strength of these experimental samples. In real

correspondmg Maximum Straay of an Al smg_le crystal. crystals, the major defects inside the grain are dislocations,

All were obtained by theab initio pseudopotential method. the motion of which usually results in a considerable reduc-

There are, unfortunatgly, no tensile strength results of A ion in strength as compared with ideal strength without any
single crystal in thg221] direction, which should be di- (islocation<®®

rectly compared with our results. However, the theoretical After the maximum tensile stress at the strain of 21%, the
tensile strength in th¢001] and [111] directions listed in  stress decreases very slowly. This is different from the polar
Table | indicates that the magnitude of the strength of the Alnterface of the>9 boundary in SiC with similar glide-plane
single crystal may not be so dependent on the tensile direGymmetry?* where the stress decreases rapidly after the
tions. Because a grain boundary contains a disordered intefnaximum stres§48 GPa at the strain 14%. This suggests
facial configuration, the theoretical tensile strength should behe different characteristics between metallic bonds and co-
lower than that of the perfect crystal. The maximum tensileyalent bonds. SiC is a typical covalent-bonding material. In
stress of the present Al boundary, i.e., 9.50 GPa by our cakovalent materials, atoms are bound by shared valence elec-
culation is a bit lower than that in tH&00] or[111] direction  trons, and the bond has strong directional properties. The
of the perfect Al crystal. This means that the present boundcovalent bond is generally stronger than the metallic bond,
ary is rather strong. This is due to the reconstructed interfagnd in the case of bond breaking, the strength decreases rap-
cial bonds, which will be discussed in detail in the fO"OWing |d|y However, Alis a typ|cab pvalent meta'l where valence
SubseCtiOI’lS. Here. |t Should be noted that the present relaticg]ectrons are |ess |oca|ized as Compared with Cova|ent mate-
between the tensile strength of the boundary and that of thga|s. Although the interfacial bonds of the present interface
perfect crystal is similar to the previous results of the reconhaye different features as will be discussed, the stress-strain
structed interfaces of the9 (221)/[110] tilt grain boundary  curve in Fig. 4 seems to reveal basically metallic features.
in SiC2%?* where the values of the tensile strength are 48Similarly, in Fig. 2, the energy is still increasing after the
and 42 GPa for polar and nonpolar interfaces, respectivelynaximum tensile strength at 21%, which means the system
as compared with that of the perfect SiC crystal, 50.8 GPa, iis still unstable. This infers that the failure has not been
the[111] direction. completed.
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pressed by the boundary expansion after the initial relaxation
as mentioned above. Thus at the strain [3%). 5(b)] where

the compression is relaxed, the charge density af 1i€]
bonds is in a similar range to that of perfect Al.

In Fig. 5, EF and symmetrically equivalent 2 bonds
are the interfacial reconstructed bonds. At the strain 0%, the
charge density at the EF bond is greater than (0863
This is the highest one as compared with the charge density

values at thg 110] bonds such as FG, EH, and HJ, which
are all intervening between 0.082.u® and 0.036/a.u At

the strain 3%, the EF bond still has the highest density value.
The increased bond charge at the EF bond center has features
rather similar to covalent materials such as Si. However,
there exists a low-density region between the EF afi@ E
bonds at the interface. In this region, the charge density is as
lower as 0.01&/a.u?® at the strain 0%.

An atom in fcc structure has 12 nearest neighbors. At the
interface, atom E loses 5 and atom F loses 3 of them before
the interface formation. Namely, atom E has only 7 nearest
neighbors left and atom F has only 9 left. Through the inter-
face formation, atom E recovers three neighbors across the
interface, namely, atom F and atoms R in the two different
layers. Atom F recovers only one neighbor, namely, atom E.

As compared with the interlayer between the b[mal]
\ layers, the number of first-neighbor bonds across the inter-
/A0 JAIDY face is clearly reduced and the directions of reconstructed
silicZA/A AN\ e bonds are different, which results in the formation of the
3 L 0% low-density region at the interface. However, as shown in
7> B Q Fig. 5, the reconstructed EF and £ bonds seem to be
= \o
o)

; )? W

&

A

9

U
- rather strong with increased bond charge. This should be
b% N involved in the large tensile strength of the present boundary
NF UGN comparable to that of ideal crystal.
d With the strain increasing, the charge density decreases.
q J (,‘ , The charge density at the EF bond remains the highest until
QL\ the strai_n 13%, as shown in Figs_(b5—5(d). For example, gt
the strain 9%, the charge density at the EF bond is higher
than 0.028&/a.u?, but that of FG, EH, and HJ is lower than
FIG. 5. The valence charge density distribution of the left half0-028/a.u® At the strain 13%, the charge density at the EF
part of the B layer in the supercell at the stréih 0%, (b) 3%, (c)  bond is still higher than 0.024a.u?
9%, (d) 13%, (e) 15%, (f) 17%,(g) 19%, (h) 21%, (i) 25%, (j) 27%, For the strains 15, 17, and 19 $Figs. 6e)—6(g)], the
respectively. The interval of the contours is 0.8(u? low-density region near the EF bond as mentioned above
expands near the interval of the charge at the EF bond. Thus
the charge density at the EF bond is in a similar range to that
. .. ... of the other[110] bonds(FG, EH, and H)J The density
In metallic systems, valence cr_\arge density distribution 5 es are all higher than 0.02@.u? and lower than
reveals the features of local atomic bonds. We analyze thg go4/a.u2 at the strains 15 and 17 %.

charge density of layer B containing boundary atoms as tpege features of the charge density at the EF bond indi-
shown in Fig. 1. Figure 5 shows the charge density distribug e that this reconstructed bond sustains the tensile stress at
tions in the left half part of layer B on tHe.10] cross section a4t until 19%. However, for the strain over 19%, as shown
with the increase of the strain. Figure 6 shows the chargg, Figs. 8h)—6(), the charge density at the EF bond de-
density of perfect fcc-Al on thgl10] cross section. It should » —

— creases more rapidly than the othiérl0] bonds. It reaches
be noted that thg110] direction is one of the most closely as low as nearly 0.0¥a.u’ at the strain 25% and

packed directions. In the present boundary, EH, HJ, and Fg 4ggy/3 43 at the strain of 27%. The low-density region

bonds, for example, correspond to this kind of firSt"'](aighl)()rextends further to the interval at the EF bond. It seems that

[110] bond. If comparing the charge density of the boundanythe failure will be completed if the low-density region ex-
at the strain 0%Fig. (@] with that of perfect Al, the charge tends throughout the interface. On the other hand, the charge
density at sucli110] bonds of the boundary is higher. This density at the FG, EH, and HJ bonds decreases gradually
is because the bulk regions in the supercell are slightly combetween 0.026/a.u® and 0.01@/a.u® for the strain over

B. Valence charge density
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19%. Note that the strain 21%, where the rapid decrease of 0.00 004 008 042 016 020 024 028
the EF bond charge apparently starts, corresponds to the tensile strain

strain of the maximum tensile stress. This indicates that the £1G 7. The bonds length as a function of strain during the

breaking of the reconstructed EF bond mainly dominates thgy, initio tensile test of AIS9 grain boundary. The bonds length

strength of the present boundary. In other words, the breakgetween atom E and its nearest neighbor are showa)jrmnd that

ing of the EF bond mainly means the failure of this bound-petween atom F and its nearest neighbor are showb)inThe

ary. length of the reconstructed EF bond is shown in Hajfand(b) for
comparison.

C. Bond length
About the back bonds of atom [[Fig. 7(a)], the EH and

Figure 7 shows the changes of the bond lengths of th T bonds are 0.6 and 2.2 % shorter than that of perfect Al,

interfacial reconstructed EF bond and the back bonds of th .
EF bond as a function of the tensile strain. Only the Sym_and the ES bond is 1.3% longer than that of perfect Al at the

o S i
metrically independent bonds are shown. EH, ET, and ES ar%tram .0/0' AS sh_own in F_|g.(ﬁ), theOEH t_)ond_exyends a_I
the back first-neighbor bonds of atom E, and FG, FP, FQ, ar$08t linearly until the strain over 21%. It is quite interesting

. . . at the linear coefficient of the EH bond extension is similar
Z)?egrii t;‘% b? calfrélr:(ta}nae;ghbor bonds of atom F. The vertic o that of the EF bond until 19%. For the strain over 21%, the

increase of the EH bond length becomes slower, and the EH
bond become shorter than the EF bond at the strain over
I=la %100 ) 23%. On the other hand, the ET bond length increases very
N ' slowly with the strain increasing until the strain 25%, after
which it contracts. The ES bond is almost unchanged until
wherel is length of the bond during the tensile test dgdis  19%.
the bond length of perfect fcc-Al, i.e., 2.793 A from the  About the back bonds of atom[Fig. 7(b)], the lengths of
present calculation. FG, FP, and FQ at the strain 0% are 1.8, 1.6, and 2.2%
First we consider the length change of the EF bondshorter than that of perfect Al, respectively, while the FR
namely, the interfacial reconstructed bond. At the strain 0%bond is 2.5% longer. As shown in Fig(bj, the FG bond
the EF bond length is 2.659 A, 4.8% shorter than that ofextends almost linearly until the strain 19%. It is also quite
perfect Al. At the strain 3% where the compressive stress iinteresting that the linear coefficient of the FG bond exten-
removed, this bond is still shorter than the bulk bond lengthsion is similar to those of the EF and EH bonds until 19%.
These facts as well as the charge density analyzed abow®r the strain over 19%, the increase of the FG bond length
suggest that the reconstructed EF bond be stronger than usw@imost stops, and this bond contracts at the strain 25%. On
bonds. With the strain increasing, the EF bond extends althe other hand, the increases of the FP and FQ bond lengths
most linearly until the strain 19%. At the strain 19%, the EFare slow, and the FR bond is almost unchanged.
bond length is 3.145 A, 12.6% longer than that of perfect Al.  In Fig. 7, the length of the interfacial EF bond has a rapid
At the strain 21% revealing the maximum stress, the ERncrease(deviation from the linear increasérom the strain
bond is 3.229 A, 15.6% longer than that of perfect Al. From21%. By considering the changes in the charge density dis-
21%, the EF bond extends rapidly. It elongates to 3.606 Atribution mentioned above, it can be said that the EF bond
29.1% longer than that of perfect Al at the strain 27%. breaking has started at this point. This strain is that with the
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TABLE Il. Projections of the bond§A) in the[2§l] 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 0.825

maximum tensile stress. Thus it can be said that the EF bonstrain e, though this is not the case due to the atomic relax-
(and EF' bond dominates the tensile strength, and that theation. Obviously, an increase of the moving distance implies
breaking of this bond mainly means the failure of this boundhe right movegi.e., the[221] direction in Fig. 3, while a
ary. At the strain 21%, the stretching of the EF bond is 15.6% ecrease implies the left movge., the [52?] direction
against the perfect Al. This critical stretching is rather shortelsj ) plie . N ! '
than that observed in the SiC bound&H! where the Si-C relative to the linear extension of the coordinates at the

bond breaking starts if local bond stretching approaches t§tain 0%.
about 20%. Of course, in the present case, the interfacial !t Should be noted that the results of atoms S and R and

atoms are less-coordinated in contrast to the bulklike fourihose of T-and Q are symmetrically equivalent, respectively.
coordinated configurations of the SiC boundary. And itFor small strains until 5%, all the atoms have local displace-
seems that usual110] bonds in Al can sustain larger MENts deviating from the linear change, which should be
stretching as the behavior of the EH bond in Fige)7 related to the relaxation of the |n|t|allcompresswe s'.cress.m

After the starting of the EF bond breaking, the increase ofh€ supercell. However, after the strain 5%, the moving dis-
the EF bond length and the contraction of the stretched badi@nce of all atoms is almost the constant value until the strain
bonds EH and FG are rather slow in Fig. 7 as compared witd 9% This means that thecoordinate of each atom extends
the behavior observed in the SiC bound®§* This feature linearly after the strain 5% and until 19%. Namely, it can be
should be the origin of very slow decrease in the tensile@id that interlayer or interface distances between each
stress after the maximum point in Fig. 4 as discussed abov¢221} atomic layers extend rather uniformly from the strain
This feature should be concerned with the difference be5% to the strain 19%. From the strain over 19%, all the
tween covalent bonding and metallic bonding.slp-valent  atoms move differently, and the relative distances between
metals, valence electrons with no strong directional or localthe x coordinates of atoms deviate from the linear change.
ized characters cause longer ranges of atomic interactioldtoms E and F move to contrary directions from the strain
and larger numbers of neighbors as compared with covaler1%, which means the rapid increase of the interfacial dis-
materials, although the present interfacial bonds seem ttance, consistent with the rapid increase of the EF bond
have different features as will be discussed.

In Fig. 7, the extension rates of back bonds are quite 0.00 004 008 012 0.16 020 0.24 0.28
different, which should depend on the projected length of T °
these bonds in the tensile direction. This can be clearly ana- 0.09-(a) T f
lyzed m Table Il. Table I lists the projected bond length in 0.06 e /
the [221] direction. The larger the projection of the bond ’ /
length, the more the bond extends under the strain in this < o 0 — °
direction. It is clear that the EH and FG bonds has larger > OOOM \Q'E‘E“‘E‘Dj:;;;;:x‘ /
projected lengths similar to that of the EF bond. This is the g T} \ ﬁ:ﬂl\n
reason why these three bonds have larger extensions. g 003— PTO—0—0—0-0—01

The projections of these bonds in th221] direction are ] 0.08 \?\/
the differences in the coordinates of the two atoms of the _E’ ’ .
bond. In other words, the projected lengths of the EF, FG, 3 0.06 T -
and EH bonds correspond to the interlayer or interface dis- E 03 p}{\o——o—o——o—o—-o-—o el
tances between ea¢R?21} atomic layers. Thus we perform 0.00 / el p-81i0-0la .::,ﬁ?e"i@eﬁ_
an additional analysis so as to clarify the changes of the 0,03 -;g:g:g:g:_o_&ﬁ/v %
position of each221} atomic layer, namely, th& coordi- 0.06 \
nate of each atom, in the tensile test. To analyze this, we 0.09 e
calculated the moving distance of atoms constituting the ’ A ®
bonds in Fig. 7 as a function of tensile strain, as shown in 012 ra-f \
Fig. 8. The moving distance in th@21] direction is defined 015 - (b) _OTR N
by 01800 004 008 012 016 020 024 028

tensile strain

X.—(1+&)Xq, (5)
) ) FIG. 8. Moving distance of the atoms as a function of tensile
wherex, andx, are thex coordinates of atoms at the strain strain. The moving distance of atom E and its nearest neighbors H,

¢ and 0, respectively. Therefore, the moving distance is relas, and T is shown iifa) and of atom F and its nearest neighbors G,
tive to atomic positions when the cell is linearly extended byP, Q, R is shown ir(b).
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length in Fig. 7. Other atoms move so as to reduce the prdfiguration is 2.874 A, 2.9% longer than that of perfect Al,
jected length of the bonds with atom E or F relatively to thewhich indicates that it should be a weak bond. The bond
linear extension. length variation with the straifFig. 7(a)] shows that it ex-
The most striking result is that the extension of the inter-tends linearly until the strain 23%. This implies the ER bond
facial EF bond increases almost linearly from the strain 5%s broken after the breaking of the EF bond. Linear coeffi-
to the strain 19%, and its linear coefficient is almost the sameient of the ER bond is similar to that of FP bond until 19%,
as those of the FG and EH bonds in the bulk region, adecause the projected length of ER bond in the tensile direc-
shown in Fig. 7. Similarly, we can see in Fig. 8 that thetion is similar to that of FP bondsee Table Ii. Both the
interlayer distances between th221} atomic layers of at- linear coefficient and the projected length are smaller than
oms G, F, E, and H extend uniform|y from the strain 5% tothose of EF bond. Hence EF bond dominates the tensile
the strain 19%. This means that the interface distance beirength of the present boundary.
tween the layers of E and F extends similarly to the bulk
interlayers between the layers of G and F and those of E and
H. This is very strange because of the reduced number of IV. CONCLUSIONS
interfacial bonds Qnd the different directions of reconst_ructed The ab initio tensile test has been applied to an Al grain
bonds across the interface. Therefore we have to consider ﬂﬂ)%undary by using theb initio pseudopotential method. The
special strength of_the re_constructed EF pond at the i”terfac‘ﬁweoretical tensile strength is 9.50 GPa for the38 grain
In the stable configuration without strain, the EF bond Sy, nqary at the strain 21%. The failure starts from the inter-
shorter than the bulk bond, and has increased bond chargg.o 'as’compared with the theoretical tensile strength in the
with similar feat_ures to _covalent bonds. The formation o_f thedirection [001] or [111] of Al single crystal, the present
present strong interfacial bonds should be the same kind o ngary is still strong due to the boundary reconstruction.
phenomena %sglrecently obsgrvedahnmmo calculations of e reconstructed bonds have shorter bond length and in-
Al vacancies,”*" Al surfaces;” and shear distortion of AP /o766 hond charge in the stable configuration. We found
It can be said that strong local bonds with some covalenf, the interface extends at almost the same rate as the bulk

characters are formed for less-coordinated or greatly diSpyerjayer before the failure starts in spite of the reduced
torted atoms in Al, quite differently from most of other

X , . number of interfacial bonds, which indicates that the recon-
simple or noble metals. In the tensile test, such kind of stronNQiructed interfacial bonds are really strong mechanically.

bonds can sustain the tensile stress, which results in the el(-this feature can be regarded as a typical property of Al that
]

tension of the interface at almost the same rate as the bu ong local bonds are formed for less-coordinated atoms at
interlayer until the start of the failure, though the number of yofacis.

interfacial bonds decreases. The reason that the failure starts
at the interface should be the reduced number of bonds
across the interface and the presence of the low-density re-
gions, and thus the local stress is concentrated on the recon-
structed bonds for larger strains. The research is supported by National Natural Science

Finally it should be mentioned that there is another inter+~oundation of ChinaNSFQ. Grant No. 50201002, M.K.
facial bond, i.e., ER bond. Its bond length in the stable conthanks Professor S. Ogata for fruitful discussion.
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