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Solute-Atom Segregation: An Oscillatory Ni Profile at an Internal Interface in Pt(Ni)
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Thermodynamic equilibrium segregation at an individual grain boundary in a Pt-3 at. % Ni alloy is
studied via transmission electron microscopy, atom-probe field-ion microscopy, and Monte Carlo simula-
tions. Ni segregation is measured at the grain boundary. The Ni concentration profile is asymmetric
with respect to the grain-boundary plane; it decreases in an oscillatory fashion on one side and monotoni-

cally on the other side.

PACS numbers: 61.70.Ng, 02.50.+s, 61.16.Fk, 64.75.+g

Grain boundaries (GB's) can be treated using classical
thermodynamics, where the thermodynamic state of a
GB depends on the standard variables plus the geometric
variables required to describe the interface between two
grains. The state of knowledge of phase equilibria and
phase transitions at internal interfaces lags far behind
our knowledge of analogous phenomena at solid-vacuum
(or gas) interfaces. As part of our efl'ort to study
solute-atom segregation and phase transitions on an
atomic scale at individual GB's, a combined approach
employing transmission electron microscopy (TEM),
atom-probe field-ion microscopy (APFIM), and Monte
Carlo (MC) computer simulations is utilized. In parallel
with the experimental work we perform MC simulations
employing embedded atom method (EAM) poten-
tials. ' The work presented here represents the first
time that all three techniques have been applied to the
same GB; the system studied is a Pt-3 at. % Ni alloy in a
primary solid-solution phase field.

Pt-3 at. % Ni wires (0.1S mm diam) were sealed in a
quartz capsule at 800 Pa Ar, after the capsule had been
flushed with argon. The specimens were annealed at 850
K for 24 h to induce Ni segregation at GB's, and then
quenched into a saturated-brine solution at 273 K. This
results in a root-mean-square diffusion distance of & 20
nm for Ni atoms; hence, at the very least, there is local
thermodynamic equilibrium of Ni atoms with GB's. A
wire was electroetched to a pointed tip (= 10 nm ra-
dius) that was suitable for both TEM and APFIM. "
After electroetching it was mounted in a special double-
tilt stage for a 200-kV TEM, and a GB was located and
analyzed crystallographically. Next, it was backpolished
to place the GB in the tip of the specimen. ' ' '

The 5 macroscopic degrees of freedom of a GB are
specified by the unit vector (c) about which one grain is
rotated with respect to a second, the rotation angle (8)
about c, and the outward unit normal (n) to the plane of
the GB. ' ' This information is obtained from Kikuchi
patterns of adjacent grains at the same tilt angle; the
procedure is repeated for diA'erent tilt angles. The Kiku-
chi patterns are matched with computer simulated pat-
terns to determine the directions of the electron beam
and subsequently 0. Four patterns, two for each grain,

are required to determine c and 8; three sets of patterns,
however, are used to check for self-consistency. The
beam direction and tilt axis are used as invariant direc-
tions to calculate c and 8; the spread in c or 8 is & 0.5'.
The vector n is determined by rotating and tilting until a
minimum in the projected width of a GB is achieved;
bright-field images and Kikuchi patterns are employed to
calculate n. The quantities nl and nq are the outward
unit normals to a GB plane in grains 1 and 2 (Gl and
G2); they are related to one another via the rotation ma-
trix R', i.e., by the equation n2=R'n~. Once n~ and R'
are measured nq can be calculated; in practice n2 is also
determined and compared with the calculated value.
The difference between the two values of n2 is &2'.
Based on the 24 symmetry operations, the R' associated
with smallest value of 8 is chosen for comparison with
nearest coincidence site lattice (CSL) orientation. '

From R' the following are determined: c = [0.995,
0.083,0.057] and 8=37.27', c is 5.84' from [100]. The
normal n~ is [0.70, —0.076,0.71]~ and it is 4.26' from
[101]; thus the plane of the GB is = (202). The angle
between n~ (or n2) and c is =45; this implies it is half-
way between a pure tilt and a pure twist GB. R' is the
product of the rotation matrix for the exact CSL orienta-
tion (R) and the matrix for the small angular deviation
[R(02)] from exact coincidence, ' i.e., R'=R(02)R.
R(02) corresponds to a deviation of 3.72' about the
[0.062,0.61,0.79] axis from the Z=S CSL orientation.
(For a 2 =5 CSL orientation c is [100] and 8=36.87'.)
R' and n~ describe a Z = 5 CSL, with a deviation angle
(68) from coincidence of 68 =0.4'.

The same GB was next analyzed by the APFIM tech-
nique and the results are exhibited in Fig. 1. Each plot is
an integral profile; i.e., the cumulative number of Ni
atoms (ordinate) versus the cumulative number of Pt
plus Ni atoms (abscissa). The smallest vertical or hor-
izontal line represents a single atom. Figure 1(a) is a
control run of the matrix concentration far from the GB.
The slope of the straight line drawn from the origin
through the last data point is equal to the average matrix
Ni concentration, (C~;). The local fluctuations about
(CN;) represent random solid-state fluctuations, due to
the size of the sample; for these data (CN, ) is 2.9~0.2
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FIG. 2. (a) The Ni concentration (at. %) vs distance (nm)
from the GB plane for the bicrystal. The profile repeats itself
because of periodic boundary conditions. (b) A blowup of the
immediate vicinity of the GB plane.
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( L'XIULATIVE NUN'IBER OF Pt Pltls Ni ATOi&g Next the MC technique was employed to simulate Ni
segregation at this GB, at 850 K, for a Z =5 CSL orien-
tation and (202) GB plane. The computer-generated bi-
crystal consists of 20 (202) planes with each plane con-
taining 100 atoms (Gl), and 100 (1068) planes with
each plane containing 20 atoms (G2); this bicrystal has
4000 atoms. Three-dimensional periodic boundary con-
ditions and EAM potentials for Pt and Ni were em-
ployed. ' The EAM potentials have been used to study
segregation at surfaces, dislocations, " twist boun-
daries, ' and twins in dilute fcc alloys.

During an MC simulation the total number of atoms
and the chemical potential difference between the Pt and
Ni atoms in the bicrystal is fixed, as well as the pressure
and temperature. Four diff'erent steps ' are employed
in these simulations: (i) individual atoms are displaced;
(ii) the total volume of the bicrystal is changed after
each atom in the bicrystal has undergone one MC step;
(iii) solvent and solute atoms are exchanged; and (iv)
one grain is allowed to translate with respect to the other
grain. With these steps the relaxation and thermal
motion of atoms are included, as well as compositional

FIG. l. (a)-(c) Three Ni integral profiles obtained employ-
ing a pulse fraction voltage of 15%, a specimen temperature of
45 K, and a vacuum of 6.7&10 ' Pa in the APFIM; the probe
hole diameter is 1.4 nm.
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at. %. Figure 1(b) was recorded with the probe hole cen-
tered symmetrically with respect to the GB plane; the
mean slope is (Cg;)„=8.9+ 1.4 at. % Ni. This value is

the uncorrected Ni concentration of the GB, and it is
= 3.07 times greater than (C~;); this represents a

minimum value for the segregation enhancement factor,
because of the matrix contribution. Figure 1(c) was

recorded with the GB placed at the periphery of the pro-
jection of the probe hole; the measured Ni concentration
is 4.0+0.8 at. % Ni for this geometry. The latter value
is =33%)(C~;), and this implies that the concentra-
tion profile associated with this GB is broadened. For
the geometries employed in Fig. 1 the measured diame-
ter of the cylinder of alloy analyzed is only 1.4 nm, and
the plane of the GB is normal to the page.



VOLUME 65, NUMBER 2 PHYSICAL REVIEW LETTERS 9 JUL+ 1990

variations between the bulk of the bicrystal and the in-

terfacial region between Gl and G2. To decide whether
or not a trial configuration is accepted, the Metropolis et
al. algorithm ' is employed. After achieving an equilib-
rium state (= 375 MC steps per atom for the 4000
atoms) the number of solute atoms in each plane that is

parallel to the GB, and their atomic positions, are aver-

aged over the next = 500 to 1250 MC steps per atom.
The Ni concentration profile is exhibited in Fig. 2; the

profile of the entire bicrystal is exhibited in Fig. 2(a)—the profile repeats itself as a result of the periodic
boundary conditions. Figure 2(b) is a blowup of the re-

gion in the immediate vicinity of the interface; N. B.,
there is not an atomic plane at the position denoted GB.
This profile shows that the Ni concentration at the (202)
plane immediately to the right of the GB (Gl) has a
concentration of 25. 1 at. % Ni, and the Ni concentration
falls monotonically to the matrix value in the second
(202) plane, i.e., at 0.174 nm from the interface plane.
The (1068) plane immediately to the left of the GB
plane (G2) has a concentration of 57.4 at. % Ni. Instead
of the Ni concentration decreasing monotonically to the
matrix value it oscillates for at least 15 (1068) planes
(=0.416 nm) before reaching = 3 at. % Ni. The oscil-
latory Ni concentration profile is the first observation of
this type of segregation behavior at a GB. Another point
is that the Ni profile is asymmetric with respect to the
GB plane; this asymmetry demonstrates that the struc-
ture of a GB affects its segregation behavior.

Finally, the MC results allow us to interpret the mea-
sured concentration values (Fig. 1). Figure 3 exhibits
schematic diagrams of the experimental situation in Fig.
1, with the probe hole superimposed on the lattice planes.
Case I corresponds to the experimental situation of Fig.
1(b); the (1068) planes are to the left of the GB and the
(202) planes to the right side; the probe hole covers 5

(202) and 23 (1068) planes. Case II corresponds to the
experimental situation of Fig. 1(c); the probe hole covers
10 (202) planes. The MC simulation results were then
used to calculate the mean Ni concentration for the two
cases in Fig. 3; the length of each plane (y;) included
within the probe hole and its calculated Ni concentration
were taken into account. For case I the calculated Ni
concentration is 9.75 at. %, as compared to an experi-
mental value of 8.9 ~ 1.4 at. % Ni; and in case II the cal-
culated Ni concentration is 4. 1 at. %, as compared to the
experimental value of 4.0~0.7 at. % Ni. Thus the cal-
culated Ni concentrations are in very good agreement
with the experimental values; this lends credence to the
existence of an oscillatory Ni concentration profile, as
observed in the MC simulations.

This is the first observation of an oscillatory Ni segre-
gation profile at a GB. Prior observations, however, of
oscillatory profiles have been observed by low-energy
electron diffraction, and also calculated for the (111)
and (110) solid-vacuum surfaces of Pt-Ni alloys. -' -'

[Also, oscillatory segregation profiles have been detected

I GB Plane

I

/ 23 ( 10-6 s ) ~~ 5 (202 )

CASE I
GB Plane

I

10 ( 202 ) planes

CASE II
FIG. 3. These diagrams exhibit the geometry and crystal-

lography corresponding to Figs. 1(b) and 1(c). The symbol y,
indicates the length of each plane within the 1.4-nm-diam
probe hole. The vertical lines symbolize end-on views of the
planes.

at the solid-vacuum surfaces of ¹iCu, Pt-Rh, Pt-Ru,
Pt-Rh-S, and Pt-Ru-S alloys by APFIM; and re-
cently discovered via Monte Carlo simulations at the Si-
Ge(100)2x 1 solid-vacuum surface. ] In the case of the
GB studied the (1068) planes are vicinal to (111)
planes. The angle between these two sets of planes is
= 11.5', and within the context of the ledge-kink-
terrace model the (111) terraces are = 1.1 nm wide for
a ledge height equal to 0.226 nm. Thus the oscillatory
segregation behavior for the (1068) planes straddling
this GB is analogous qualitatively to the oscillatory be-
havior observed at the (111) solid-vacuum surface; the
(111) solid-vacuum surface plane is, however, enriched
in Pt, while the first (1068) plane to the left of the GB is

enriched in Ni.
In conclusion, we have combined TEM, APFIM, and

MC computer simulations to study Ni segregation at an
individual GB in a single-phase Pt-3 at. % alloy. TEM is
used to determine the 5 macroscopic degrees of freedom
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of a GB, and APFIM is employed to measure its chemi-
cal composition; it is a 2=5 CSLj= (202) GB. MC
computer simulations are also used to simulate Ni segre-
gation at the same GB; and the calculated values are in

good agreement with the experimentally determined Ni
concentrations. They also indicate that the distribution
of Ni atoms is asymmetric with respect to the GB plane;
on the (202) side the Ni profile decreases monotonically
and on the (1068) side it decreases in an oscillatory
fashion. This asymmetric Ni concentration profile
demonstrates that the atomic structure of a GB affects
the segregation behavior.
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