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Congruent Phase Transition at a Twist Boundary Induced by Solute Segregation
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(Received 28 June 1995; revised manuscript received 22 July 1996)

A congruent or 2D structural phase transition is observed, via Monte Carlo simulations, in a
S  5ys002d twist boundary that is induced by segregation of Ni from the bulk of a single-phase
Pt(Ni) alloy bicrystal. This segregation induced phase transition, at 850 K, is from the coincident sit
lattice (CSL) structure to the type 2 structure, which involves a change in the space group fromp420

120

to p42020. For bulk concentrations up to 0.6 at. % Ni the boundary has the CSL structure, while for
a bulk concentration of 7 at. % Ni the type 2 structure is stable. Evidence is presented for chemic
ordering at this interface. [S0031-9007(96)01321-X]

PACS numbers: 68.35.Dv, 61.72.Mm
s
b
d

na
n

ec
),
a
ld
u
a

i
o

—

v
F

s
no
e

ze

s

he
u

w
ro
ec
nl

t
o

t

est

d
F,

en-

igh

n-
].

ce

te
res
n

e it
The
The existence of congruent or 2D phase transition
grain boundaries (GBs) is now beyond any reasona
doubt [1]. In most cases the phase transitions are
tected experimentally, while theoretical and simulatio
studies are lagging. One reason is that they occur at fi
temperatures, and finite-temperature computational t
niques—Monte Carlo (MC), molecular dynamics (MD
and lattice dynamics models based on the harmonic
proximation—have only started to be used in this fie
We describe a 2D solute-segregation induced struct
transition in aS  5ys002d twist boundary, observed vi
realistic MC simulations, for a bulk single-phase Pt(N
bicrystal at 850 K; this transition has the characteristics
a congruent phase transition.

In addition to the conventional state variables
temperature (T), pressure (P), and bulk composition—the
phase space of GB structure is known to include fi
macroscopic geometrical degrees of freedom (DO
responsible for the misorientationsc1, c2, ud and interface
plane of the two grainssn1, n2d [2,3]. Phase transition
for which the five macroscopic state variables do
change are denoted congruent [2,3]. For a congru
phase transition at a GB in a binary alloy, the generali
Clausius-Clapeyron equation is [4]

DsGBdT 2 DyGBdP 1 DGdm  0 , (1)

where DsGB, DyGB, and DG are discontinuities in the
excess entropy, excess volume, and Gibbsian exces
solute, respectively, of a GB, andm is the chemical
potential of the solute. Since a GB in equilibrium with t
bulk crystal is an open thermodynamic system, the b
concentration affects the phase transition locus inT -P-m
space [Eq. (1)].

One type of congruent phase transition is associated
a change in the microscopic DOFs [3]. Three of the mic
scopic DOFs are given by the rigid-body translation v
tor, p, between two grains. It is convenient to use o
the components ofp lying in the interfacial plane [5], and
it is sufficient to usep vectors lying within one GB repea
cell because of the periodicity of the GB structure. F
twist boundaries the crystallographically nonequivalenp
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vectors are limited to the cell bordered by the two short
displacement shift complete (DSC) vectorsb1 and b2 in
the interface plane [Fig. 1(a)]. For a given GB at fixe
values of T, P, and the macroscopic geometrical DO
among the continuum of possiblep vectors, there may be
more than one that correspond to minima of the dep
dence of the interfacial free energysgd on p. In most
cases these minima coincide with GB structures of h
symmetry. The best studied example is theS  5ys002d
symmetrical twist GB in fcc metals [6], which has been i
vestigated via lattice statics at 0 K for Cu, Ni, and Au [7
The global minimum ofg is for the coincident site lattice
(CSL) structure, Fig. 1(a), with the holosymmetric spa

FIG. 1. The (a) CSL and (b) type 2 structures of theS 
5ys002d twist boundary. The open and solid circles indica
planes21 and 1, respectively, and the open and solid squa
planes22 and 2. In the CSL structure a solid circle and a
open square are in coincidence, while in the type 2 structur
is the two circles and two squares that are in coincidence.
letter C indicates overlapping pairs of coincidence sites.
© 1996 The American Physical Society 3379



VOLUME 77, NUMBER 16 P H Y S I C A L R E V I E W L E T T E R S 14 OCTOBER 1996

s

o

e

e

u

i

ls

-

-

s
.
-

h

nt
-
n
l-
-
e
-

.
-

x-
e
h

it

o
o-
e
-

in

o

group p420
120. The fourfold rotational axes are paralle

to k001l, and both the twofold rotationals20d and twofold
screws20

1d axes lie in the interfacial plane [8]. A transla-
tion by ab1y2 vector,b1  s1y10d f130g, transforms this
structure into the type 1 structure withp220

120 symmetry.
Alternatively, a translation by as1y2d sb1 1 b2d vector,
b2  s1y10d f310g, from the CSL structure leads to the
type 2 structure [Fig. 1(b)] with the space groupp42020.
The type 1 and type 2 structures are found to be metasta
with respect to the CSL structure, withg’s at 0 K only sev-
eral percent higher than that of the CSL structure [7]. Th
S  5ys002d GB in Au has been studied experimentally
by x-ray diffraction at room temperature and has a CS
structure [9]. The CSL structure is the one most com
monly observed experimentally for elemental fcc meta
[5]. Recent simulations point to the possibility of a con
gruent structural phase transition in theS  5ys002d GB
of gold at an elevatedT [10]. Congruent GB phase tran-
sitions induced by solute segregation have only been e
perimentally observed [11–14].

For simulations we employ the MC method in the trans
mutational ensemble [15–17]. During a simulationT, the
total number of particles, and the difference in the exce
chemical potentials, between solute and solvent speci
are held constant. The total volume of the computation
cell is allowed to relax, resulting in a constantP ensemble.
The chemical identities of particles are changed, so th
the atomic fraction of each component is a variable. Th
chemical composition in the reference bulk region is thu
constant, while near the interfaces it achieves its equili
rium value. The total internal energy is calculated u
ing embedded atom method (EAM) potentials [18,19
The computational cell has 3D periodic boundary cond
tions and contains two grains rotated around a comm
[001] direction by the twist angle,u  36.9±. Because of
the periodic boundary conditions, there are two crystall
graphically identical, but physically different GBs in a
bicrystal with a separation of 16 (002) planes. This valu
is sufficient to avoid elastic interactions between the GB
and to provide a region of unstressed perfect crystal in t
middle of each grain. In the plane of the interface th
computational cell is approximately 5 nm by 3.8 nm; eac
(002) plane contains 240 atoms and therefore a bicrys
has 7680 atoms. The first2.5 3 103 MC steps atom21

are used for equilibration, and the averaging is perform
for the next3 3 103 or 104 MC steps atom21. The time
step for averaging is 10 MC steps atom21 to avoid tempo-
ral correlation effects. The averaging is performed ov
the coordinates of each atomi, and this average is iden-
tified with the position of an atomic sitei. To avoid the
effects ofg —which may be considerable in a small com
putational system—we fix the dimensions of the comp
tational cell in the plane of the interface at the appropria
value for a givenT and bulk solute concentration. The
periodic length in the direction normal to the interface
allowed to relax to relieve bulk stresses. Rigid-body tran
lations of the two grains, by small random vectors lying i
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the plane of the interface, are introduced at large interva
of time (in MC steps). This allows efficient relaxation of
the microscopic DOFs, i.e.,p.

We have performed simulations at bulk solute concen
trations of 0.6, 1.0, 1.2, 2.3, 3.0, 5.6, 7, and 12 at. %
Ni. The concentrations between 0.6 and 7 at. % Ni ex
hibit random rigid-body translations in the interface plane
with a magnitude between 0.01 and 0.02 nm, as well a
a considerable amount of structural disorder at the GB
This implies that the average structure is, in fact, a su
perposition of many translational states, none of whic
is preferred. For 0.6, 7, and 12 at. % Ni reproducible
well-defined interface structures are observed. We prese
results for the 0.6 and 7 at. % Ni alloys. First, the con
centration profiles normal to the interface are exhibited i
Fig. 2. Each data point corresponds to the average so
ute concentration in one (002) plane parallel to the inter
face. Because of the periodic boundary conditions ther
are two crystallographically identical interfaces; i.e., be
tween planes21 and 1, and216 and 16, where the nega-
tive and positive numbers denote two different grains
The strongest segregation occurs at the first planes im
mediately adjacent to the interface, and, to a smaller e
tent, in the second planes. For 0.6 at. % Ni the structur
of the four (002) planes adjacent to the GB (two on eac
side of the interface plane) is exhibited in Fig. 3(a). Note
that it retains the CSL structure; compare the outlined un
cell in Fig. 3(a) with Fig. 1(a). Also note that the coin-
cidence sites in the first planes immediately adjacent t
the interface (open and solid circles) correspond to the c
incident sites [20] in the second plane on the other sid
of the interface (open and solid squares). The position
ing of the two grains with respect to each other is illus-
trated in Fig. 3(b). The arrangement is the same as

FIG. 2. Concentration profiles of Ni normal to theS 
5s002d interface in the computational system. The solid circles
refer to Pt–0.6 at. % Ni and the open circles to Pt–7 at. %
Ni. Because periodic boundary conditions are employed tw
interfaces are present in this figure; one is between planes21
and 1, and the second one is between planes216 and 16.
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FIG. 3. (a) A portion of the GB structure for Pt–0.6 at.
Ni. The notation is the same as in Fig. 1. (b) The relat
position of two adjacent grains by projecting two (002) plan
from the bulk of each of the grains onto the interface pla
The stacking sequence is the same as in (a). GB unit cells
indicates in both (a) and (b): compare with Fig. 1(a). Note t
in both cases the CSL structure is preserved.

Fig. 3(a), but the (002) planes nearest the GB are su
tuted by planes from the bulk in the same stacking
quence; i.e., planes28, 29, 8, 9 are substituted for plane
22, 21, 1 and 2. This is also the CSL structure, and
rigid-body translations are present. A different situat
is seen in Figs. 4(a) and 4(b) with Fig. 1(b). It is st
a S  5 boundary, but due to the rigid-body translati
of the two grains, the coincidence sites in the first pla
immediately adjacent to the interface (21 and 1) are now
on top of each other, as well as the coincidence site
the two second planes (22 and 2). The average solu
concentrations for different GB sites are given in Tabl
for the 0.6 and 7 at. % Ni alloys, which demonstrates t
for 0.6 at. % Ni, strong solute-atom enhancement occ
at the noncoincident sites in both planes, while the co
cidence sites are slightly depleted in solute. Convers
for 7 at. % Ni the highest enhancement occurs for the
incident sites, while the noncoincident sites exhibit a s
nificantly smaller enhancement.

Next we demonstrate that there is a local chemical
dering at the interface. Ordering implies strong corre
tions in the chemical occupancies of neighboring ato
sites; i.e., atoms of different species have a significa
higher probability of being neighbors than such a pr
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FIG. 4. The same information is displayed as in Fig. 3, b
for Pt–7 at. % Ni. Note that both (a) and (b) have a type
structure. GB unit cells are indicated in both (a) and (
compare with Fig. 1(b).

ability calculated from a random solid-solution mode
Such an ordering is found only in pairs of adjacent c
incidence sites in the type 2 structure. These sites
located across the plane of the interface from each o
in the planes61 as shown in Fig. 1(b). We denote th
Ni concentrations at these sitesc1

i and c21
i , where the

subscript identifies a pair of the sites and the supersc
identifies the plane in which a site is located. Bothkc 1

i l
and kc21

i l are equal toø43 at.%, but the distributions
are unusually broad and flat. The distribution, howev
of sc1

i 1 c21
i dy2 is sharply peaked atø43 at.%. More-

over, within statistical error a linear relation is observe
c1

i  0.86 2 c21
i . This points to a strong correlation be

tween c1
i and c21

i . It is not surprising that we observ
local ordering at this boundary as the Ni-Pt system
hibits bulk ordering at 850 K at higher concentrations.

In summary, we have observed a congruent or
structural GB phase transition at aS  5ys002d twist
boundary induced by solute segregation for a single-ph
Pt(Ni) bicrystal at 850 K. This GB transition occur
at solute concentrations when the bulk is definitely
a single-phase solid-solution region. Below the pha
transition point in the bulk Ni concentration (0.6 at.
Ni) the equilibrium structure is the CSL structure. A
7 at. % Ni (bulk value) the type 2 structure is detected
is obtained from the CSL structure via as1y2d sb1 1 b2d
3381
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TABLE I. Average concentrations of Ni at different GB sites in the CSL and type 2 structures for Pt–0.6 at. % Ni and
7.0 at. % Ni alloys at 850 K for theS  5ys002d twist boundary.

Bulk Ni Coincident sites Noncoincident sites Coincident sites Noncoincident si
concentration in planes61 in planes61 in planes62 in planes62

0.60 at. % 0.26 3.44 0.90 1.34
7.00 at. % 43.30 7.09 13.30 9.60
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rigid-body translation. We have also observed sm
rigid-body translations and considerable structural a
chemical disordering in the same GB at 3 at. % Ni (bu
value) [21] due to the superposition of different trans
lational states. The fact that the transition region is
wide may have two explanations: (a) The presence o
two-phase region in concentration, where the two phas
coexist—such a region would not appear in this simul
tion because in the Monte Carlo procedure the two gra
are displaced as a whole during the run. (b) In Mon
Carlo simulations the phase transition point can be co
siderably smeared out in a small computational syste
[1,22]. Both explanations may be true simultaneous
Explanation (b) is difficult to verify, because an unrea
istic increase in the size of the simulation cell is need
to narrow significantly the transition region. The pres
ence of a two-phase region can be investigated, e.g.,
simulations. The question of the order of the phase tran
tion remains open. Most probably it is a first order, wit
a metastable phase becoming stable at some solute c
centration. A second-order transition is more difficult t
imagine in this situation, but it cannot be ruled out. Fo
a definite answer thermodynamic data are required t
can, with some effort, be obtained from MC simulation
Most importantly, GB phases differing by the value ofp
can be investigated experimentally [23]. Finally, our un
published results indicate that the Ni-rich side of the bu
phase diagram a phase transition does not occur. It is e
phasized that not only is the phase transition induced
solute segregation, but the pattern of segregation at diff
ent GB sites is different. This suggests chemical orderi
at the GB, while the bulk is chemically disordered [24
A mean-field theory with a rigid atomic structure canno
predict this transformation [25].
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