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The microprocess of deformation and fracture for pure and Bi-segregated 23(111)/[101]
70.53° and £33(545)/[101] 58.99° tilt bicrystals of metal copper has been studied by the
molecular dynamics method. It has been found that deformation and fracture are dependent
on the grain boundary (GB) structure and bismuth segregation. For pure £33 bicrystal,
the deformation is mainly due to the glide of partial dislocations generated from the GB
structural units where the GB dislocations exist. The ductile fracture is attributed to the
dislocation emission, which leads to vacancy generation and void coalescence. The bismuth
segregation weakens the atomic bonds between copper atoms in the vicinity of GB.

Under the action of the external load, the weakened bonds break and lead to formation of
microcracks. Finally, the brittle fracture takes place along the binding weakening region.
For 23 bicrystal, the ductile fracture is refated to the void coalescence generated not by
dislocation emission but by lattice distortion, and the brittie fracture induced by bismuth
segregation is also caused by the breaking of weakened Cu—Cu bonds.

f. INTRODUCTION

Many experiments'™® indicated that grain boundary
embrittlement (GBE) for metal copper could be caused by
bismuth segregation, even for the case of bismuth in
amounts as low as 0.002 wt. %. The GBE induced by bis-
muth segregation exhibited that the fracture is intergranu-
lar, and the fracture stress is strongly dependent on both
the bismuth content and the grain boundary (GB) struc-
ture. Wu et al.” have studied the effect of bismuth segrega-
tion on chemical bonds of the GB for metal copper using
the Xe discrete variational method. The results showed
that the segregated bismuth atoms draw the electron
charge from neighboring copper atoms in the vicinity of
GB onto themselves and weaken the chemical bonds be-
tween those copper atoms. This result gave an understand-
ing of the GBE from the electronic aspect. But the details
of deformation and fracture for Bi-segregated copper bi-
crystals are still deficient. The aim of this work is to study
the microprocess of deformation and fracture for pure and
Bi-segregated tilt copper bicrystals for further understand-
ing the GBE from the atomistic aspect. For interpreting
the GBE of metals caused by impurity segregation, Chang
et al.® and Ishida et al® have studied the GBE of metal
copper segregated by antimony and metal iron segregated
by phosphorus using the Monte Carlo and molecular dy-
pamics (MD) methods, respectively. In the case of
Cu—Sb alloy, the results showed that under a uniaxial
strain the weakened copper atomic bonds become the
sources of microcracks and aggravate brittle fracture along
the Sb-segregated GB. In the case of Fe—P alloy, it was
found that the phosphorus segregation causes weakening of
binding forces between the unit prism structure cccurring
in the GBs and the surrounding iron atoms, which results
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in the crack propagation under an external load. In their
studies the pair potentials, i.e., the Johnson potential and
Morse potential, were adopted to describe atomic interac-
tions. But pair potentials are only valid in cases where the
atoms are contained in a definable volume. Hence, it is not
reasonable to employ the pair-wise interactions in studying
the fracture process during which new surfaces are formed.
Furthermore, the details of generation and emission of the
dislocation related to the deformation and fracture for
Cu—S8b and Fe—P alloys have not been given. However, it
is necessary to understand the GBE from the dislocation
generation and emission aspect as well as from the bond-
weakening aspect. Recently, Baskes ef al.'® have studied
the fracture of the tilt GB for nickel and NizAl alloy using
the MDD method and empicying the embedded atom
method {BAM),!"? which provides a simple but accurate
method of evaluating the energy and force in an ensemble
of atoms and overcomes the deficiency of calculations em-
pioyed in pair-wise interactions. They found that the frac-
ture mechanism in metal nickel is related to secondary
cracking, while in Ni;Al it ie not. However, little is known
zbout dislocation generation and emission.

In this paper, we study the microprocess of deforma-
tion and fracture for pure and bismuth-segregated tilt bi-
crystals of copper using the MD method with the atoms
interacting viz the empirical N-body potential proposed by
Finnis and Sinclair,”® which is a version of the EAM. The
dislocation generation and emission are considered.

. COMPUTATIONAL PROCEDURE

As fracture is a volume-dependent process with the
formation of new surfaces, in this work the empirical N-
body potential for Cu—-Cu atoms constructed by Ackland
et al'* and the approximate N-bedy potentials for Cu—Bi
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FIG. 1. The effective pair potentials for Cu—-Cu (1), Co—Bi (2) and
Bi—Bi (3) (where « is the lattice constant of copper).

and Bi-——Bi atoms constructed by Maeda ef al.'® are used.
The effective pair potentials are plotted in Fig. 1.

To study the dependence of deformation and fracture
on the GB structure, two different symmetric tilt bicrystals
are considered: cne containing the low £ GB, 2 3118/
[101] 70.53°, the other containing the high 2 GB,
2 33(5 45)/{101} 58.99°. The computational cell is chosen
to be a bicrystal with the symmetric tili GB at the center
and is composed of two regions: regions I and I, as shown
in Fig. 2. The GB plane is denoted by dashed lines in the
Y-Z plane. The tilt axis [101] is along the Z direction.
Periodic border conditions are employed along the Yand Z
directions. In general, it is required that the dimensions of
the computational cell be chosen to be twice as large as the
cutoff of the potential function. We consider only two
atomic layers zlong the tilt axis, the dimension is twice as
small as the cutoff. By evaluating the interaction between
the periodic image atoms outside computational cell and
the atoms inside the cell, the distance between them is
smaller than the cutoff of the potential function. The effect
of the atoms outside the computational cell on those inside
has been already taken into accovnt periodically. Other
physical guantities such as pressure and energy are modi-
fied correspondingly. The reliability of such consideration
has been demonstrated by the MD simulation of the re-

FIG. 2. The computational cell. Along
the Y, Z directions periedic border con-
ditions are employed.

laxed structure of the Z 5{310)/{100] 36.8° symmetric tilt
boundary.'® In that study, two types of computational cells
with six and two (100) atomic layers along the tilt axis
were considered. The size in the former case was twice as
large as the cutoff and that in the latter was smaller, but
both gave the same result. Therefore, in the present study
the consideration of two atomic layers along the tili axis is
reasonable and can save computational time. For the case
of the 2 3 bicrystal, five £ 3 CSL periods in the ¥ direction
and 490 atorns are taken into account. In the case of the 2
33 bicrystal, one £ 33 CSL period and 484 atoms are con-
sidered. As indicated by Hondros and McLean,? impurity
segregation is mainly confined to within the first few
atomic planes of GB. Computer studies'”'® also indicated
that the impurity bismuth atoms tend to segregate at a few
atomic layers in the copper boundary. Using the polyhe-
dral model, Pond er al."® have pointed out that the impu-
rity atoms will replace the solvent atoms as substitutional
atoms at GB, if the size of impurity atoms is larger than
that of solvent atoms. For example, Chang ez al.® described
the impurity Sb atoms located at the substitutional lattice
positions in copper GB. Therefore we assumed that bis-
muth atoms replace copper atoms at the vertezes of poly-
hedra in the GBs, such as octahedra and pentagonal bipyr-
amid, as shown in Figs. 3(c) and 3(d}. Thus, the density
of the bismuth atom on both £ 3 and £ 33 boundary planes
is 50 at. %. The equilibrium structures of both pure and
Bi-segregated boundaries are obtained using a pseudody-
namics method.?’ The procedure of the energy minimiza-
tion only involves the local atomic relaxation, which ter-
minates when the forces on ali atoms fall below 5x 107 ¢
eVA L

During the simulation of deformation and fracture of
the bicrystals, the external load is applied by imposing a
relative strain in the X direction between each atom in
region ¥ and its inner nearest neighboring atom. This can
be in region F or I, i.e., by keeping their distance at 1 4 A
of the corresponding distance in the original relaxed struc-
ture unloaded, where A is chosen to be G.07 in all the
simulations. The atoms in region Il are then allowed to
move in the X direction. Except for the above loading con-
straint, all atomic positions in region I are free to adjust
and be simulated by the MD method. The length of each
time step is chosen to be §.04 in a normalized time unit,
ie, 12X 107" s, which gives good precision in solving
the Newton equations by the leap-frog algorithm.

{i. RESULTS AND DISCUSSION

A. Relaxed structures of the GBs

The relaxed structures of the pure Z 3 and £ 33 bound-
aries are shown in Figs. 3(a) and 3{b), where the triangie
and cross represent atoms in two different adjacent (101)
planes. The polyhedra occurring in the GBs associated
with the structural units are pictured on the {(101) plane. it
can be seen that the £ 3 GB consists of one single type of
atomic polvhedra, that is, octahedra. Its GB energy is very
low, equal to 29 mJ m ~'. The 3 33 boundary is found to
be composed of three structural units of the £ 3 GB and
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one pentagonal bipyramid plus a capped trigonal prism,
which corresponds to the structural unit of the Z 9(212)/
[101] GB.'® According to the structural unit model,2"? the
intrinsic GB dislocation {GBD) of the £ 33 GB is located
at the minority unit, i.e., the £ 9 GB unit. As shown in Fig.
3wy, (111) planes denoted by dashed lines terminate at
this structural unit. The Burgers vector of the GBD in the
3 33 boundary is equal to 2/3{f 11]. The energy of 3 33
GBis 1185 mim .

The relaxed structures for the Bi-segregated £ 3 and 2
33 GBs are shown in Figs. 3(c) and 3(d), respectively,
where full circles indicate the positions of Bi atoms at the
vertexes of the polyhedra. The segregation of bismuth at-
oms is accompanied by expansion of the GB core in the
direction perpendicular to the GB. In addition, the dis-
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FIG. 3. The relaxed structures of grain
boundaries (GBs): (a) the pure £ 3
(TT11)/[101] tilt GB; (b) = 33 (545)/
[101] tilt GB; (c) the Bi-segregated T 3
GB; (d) the Bi-segregated £ 33 GB
(where &, -+ indicate the atom positions
in two adjacent planes, (101} and (202},
respectively; & indicates the Bi atom posi-
tion).

tances between the copper atoms on the fringe of the £ 3
structural units and their nearest neighbor copper atoms
also expand. This result is similar to that obtained by
Chang ef al.!” Sutton and Vitek'® also found that the seg-
regation of Bi atom in copper boundaries is accompanied
by the expansion in the direction perpendicular to the
boundaries, which was interpreted as weakening of bound-
ary cohension. In the present case, the expansion between
the fringe Cu atoms and their neighboring Cu atoms also
means the weakening of the chemical bonds between
Cu—Cu atoms. While the expansion of the structural units
does not mean the weakening of the chemical bonds within
the structural units due to the strong binding force between
the Bi atom and Cu atom, which is manifested by the
Cue—Cu and Cu—Bi potential curves shown in Fig. 1. This
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FIG. 4. The microprocess of deformation and fracture of copper bicrystal slong the pure Z 33 GB [the right figure of each time step is the corresponding
atom positions it the (101} plane]l. Time steps (2} 15; (b) 90; (¢) 165; (d) 210; (e) 250; and (f) 300.

result is consistent with the study of the electron charge
transfer between copper atoms and bismuth atoms in the
GB of metal copper induced by bismuth segregation.’
Earger relaxation happens at the site of the GBD than at
the other area of X 33 GB. This indicates that the large
bismuth atom is more able to segregate at this site. The
change of the GB energy induced by the segregation of per
bismuth atom in £ 3 and £ 33 GBs is 5.6 and 2.1 &V,
respectively. This result indicates that the bismuih atom is
difficult to segregate at £ 3 GB, but easy {o segregate at 2
33 GB.
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B. Microprocess of deformation and fracture

1. The pure T 33 tift bicrysial

The microprocess of deformation and fracture for the
pure Z 33 bicrystal is shown in Fig. 4, where two periods
of the computational celi in the ¥ direction are plotted. To
be more distinct, the atoms in a single (101) plane are also
shown on the left of the figure for the corresponding time
step. For the time step less than 50, only elastic deforma-
tion occurs, with no dislocation created in the two grains,
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FIG. 4. (Continued).

as shown in Fig. 4(a). Afterward, Shockley partial dislo-
cations with Burgers vector equal to 1/4[1 21} are created
at the GBDs and glide along the [T 21} direction as shown
by I3 and E in Fig. 4(b). Foﬂowing the glide of the partial
dislocations in the grains, twinning bands are formed in the
regions CD and CE as denoted by dashed lines, with stack-
ing faults of the (111) planes represented by ...ABCAB.
ABCAB...

In the process of partial dislocation generation and
emission, vacancies are created and embryos of voids are
formed. As strain increases, new partial dislocations are
produced and glide on other (111) planes, as marked by F
and G in Fig. 4(c) and by H and I in Fig. 4(d). Hence, the
twinning bands become larger and wider. More vacancy
generation leads to coalescence of voids, and finally results
in ductile fracture.

2. The Bi-segregated T 32 tift bicrysial

The microprocess of deformation and fracture for the
segregated = 33 bicrystal is shown in Fig. 5. In the early
stage of deformation, Shockley partial dislocations with
Burgers vector equa} to 1/4[121} are generated from the
GBDs of the 3 9 GB units and glide on the ( 1in) planes,
as denoted by solid lines in Fig. 5(a). Segregation of Bi
atoms weakens the atomic bonds between the copper atoms
in the vicinity of the GB, as discussed iz Sec. 11 A. Hence
microcracks nucleate along the £ 3 units, caused by the
breaking of the weakened Cu—Cu bonds, as shown in
Figs. 5(b) and 5{c¢). This corresponds to the brittle inter-
granular fracture.
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3. The pure X 3 iilt bicrysial

The microprocess of deformation and fracture for the
pure £ 3 bicrystal is shown in Fig. 6. Since the £ 3 GB is
a coherent twin boundary with no GBI, no dislocation is
generated in the grains before the time step 200. The large
stress concentration at the GB gradually causes a large
lccal distortion and Shockley partial dislocations with
Burgers vectors egual to 1/6{1 21} are emitted from those
distorted regions, as indicated by the lines in Fig. 6(a).
The lattice distortion leads to formation of vacancies and
voids, as shown in Fig. 6(b) and 6{c), and the void coa-
lescence results finally in ductile fracture, as shown in Fig.
6(d).

4. The Bi-segregated ¥ 3 tiit blorystai

The microprocess of deformation and fracture for the
segregated 2 3 bicrystal is shown in Fig. 7, where cniy one
period of the computational cell in the ¥ direction is plot-
ted. Under the external load, the segregated Z 3 bi-crystal
is more brittle. Fracture aiso proceeds by means of break-
ing of weakened Cu—Cu bonds between the structural
units and surrounding atoms. In the grains no dislocation
generates. Only lattice distortion near the fracture surfaces
is observed.

V. CONCLUSIONS

The above results indicate that the microprocess of
deformation and fracture for copper bicrystals is depen-
dent on the grain boundary structure and bismuth segre-
gation.
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FIG. 5. The microprocess of deformation and brittle fracture along the Bi-segregated £ 33 GB. Time steps: (a) 96; (b) 128; {c¢) 152; and (d) 184.

{A) For copper bicrystal with Z 33 tilt boundary, the
deformation is mainly due to the generation and glide of
partial dislocations, initiated from the structural umits
where GB dislocation exists. The ductile fracture is caused
by the dislocation emission which leads to the vacancy
generation and void coalescence. Bismuth segregation
weakens the atomic bonds between copper atoms in the
vicinity of the GB. Under the action of the external load,
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the weakened Cu-—Cu bonds break. The broken bonds lead
to the formation of microcracks and finally result in brittle
fracture.

(B) For the case of the tilt bicrystal containing low
coherent boundary, £ 3 GB, dislocation generation and
emission are mainly due to the lattice distortion caused by
the external ioad. The brittle fracture induced by bismuth
segregation is also controlled by the presence of weakened
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FIG. 6. The microprocess of deformation and fracture of copper bicrystal along the pure £ 33 GB. Time steps (a) 471; (b) 511; {¢) 521; and (d) 551.

aPadabat s e &6 & 2 & et ey adada 2 & & & a tebopbsade 6 & & & &
XYY YIEYS e & a & o XYY YYYYveA 4 & 6 6 & FYYYYYYYYYY & & & & &
bPRELPBPLE & & & & & ehaberatad & & & & & BLBLBEATHE B & b & b
oot abada & & & & & BREBE B ad D 4 5 2 & & tatasecats & & & s s
Yapatatota 4 & & & & Y YTV TN & & & & & YY) @
L O RY B AS & & & & & B 2D OH B BB 4 & B & & BELE2LESEHE & a4 & &
48P L DA S 2 & & & & + 0% St b ad @ & &6 &6 & & SRAAAA A A I N
YY) 2 & & & & EX Y Y TV TV 4 & & 2 & EAAAA A At A PR R
248 E23Ls 4 & & & & LGLAEEPBIOE A& B & & & A%*:t,&#';i* AN A
FY PV Ve e & & & & QLAY BL AL EH B B B & & A 3454&#& s st a
XYY TYYY & 2 & & & 48304 adada & & & & o P AAAR U A
attdtatadad A & & & & L) DL DE AL DG 58 & & a & et popdead & & & & 4
EE X F- W N & & & » & ®+&.@,6.®é.€.64 & & & & & Si2batobasd & &4 & & &
Patatateta 4 & & & & tatatatats & & 2 & & A dyafdg bt & & 2 &
6483858583 & 6 & & & Bebpsilcly &2 & & & & topatatatd & a6 & &
2P s¥ata¥2® 4 4 s & & atoatadatat & & & o s bpag ogly bt & & s 26
PP I -2 Yl Sl S § Cpbpb b bh & A& & & a & @ &
£ @ &
s%stetatat & o & & sFaset 9 4 st PR & .
$E848+0+ 08 ¢ 8 8 & @ 2rp8tete @ g& @ g 84 glgint® @ g g &
Beeelpgay & & & & @ P T IY s 2o 0 & FYS *&1&525# & & &
L D JE I
a%a¥sVaty &, 6 8 4 & aYatatgtat Iy &
B o e b 8 a®es“a"a $250.%% te 0?0 ,8,2 642360848% & & & 4 &
statetetat 4 o 6 o & etatotatat a a & a 4bbasebats & & & & &
48484850, 4 s & & thyas 04000 s %% % % prrbesetis  a o 8 4 8
B BYES S FIH & & & & & + E $eépabasade & & &
bibshsashs 6 5 @ & & a:-b&a:w-&:@&:-e AN 2hbsababat & & & s,
LY XY YW NP 4 & & & & G RG bt B bt A a & & & 8 v&&#m&&%lb:‘a Aﬁa & .
b hiddd 4 & & & & B S &t b4 BS & & & & a :&f‘:6:+:+ & & & ® a
BHBEBH SHod & & & & Rt B &G &8 &4 & & & A*Q:-e-:{»e#&# & &
tds2tbt ot 4 & & & & oG ot od o B & & & & & et REEYS & & & &6 &
PdFat 2P D 4 & & & a d ot bE OF &d B 4 & & & & drapsp 2L EE s & & &
AP BF RE HPBP a2 & & & & Ab &G ad ot ap & & & a bbbd ABobh g & & & &
$ELBELLBE S & & &4 & & LI Y YW Ay & & & & & bAGLSSLEDTS & & & & &
L XL ¥ -L 3 E T & &8 a & & L XY I A 'Y & & 2 & & LY LW T Y-y a &2 & & &
BEEEBY O &d 4 & & & & T rIYTyey & & & & & S ST PN L& A & & &
e ) $otabetatn & & & & a (b‘lﬁ Shad st At s a4 & 2 & & ¢ EEbrR LSS & & 2 & &
8l sebebateta 4 4 & 2 a Fioas ot atsta o & & 8 'a (AN s 6 & & &

FIG. 7. The microprocess of deformation and fracture along the Bi-segregated 3 3 GB. Time steps: (a) 150; (b) 188; and {¢) 204.

554 J. Appl. Phys., Vol. 68, No. 2, 15 July 1890 Zhou, Peng, and Wu 554

Sp




Cu—Cu bonds.
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