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The importance of the interactions between alloy atoms and topological defects for the
thermodynamic properties of nanostructured alloys is pointed out. The McLean model for
grain boundary segregation is extended to yield an expression for the total Gibbs free
energy of an alloy polycrystal. This provides a simple conceptual basis for a qualitative
discussion of the thermodynamic properties of nanocrystalline alloys. It is demonstrated
that certain alloy poly- or nanocrystals may reach a metastable state, where the alloy is
stable with respect to variation of its total grain boundary area.

A growing number of investigations on thermo-
dynamic and structural properties of nanostructured
alloys is lately being reported. A characteristic attribute
of these systems is their high density of interfaces. For
example, in a 3 nm grain size polycrystal, roughly half
of the atoms are located on sites immediately adjacent
to a grain boundary.1 Hence, the concentrations of
topological defects and alloy atoms are comparable in
nanostructured alloys. When discussing the properties of
these solids, it is therefore of central importance to con-
sider the interaction between alloy atoms and topological
defects. While these interactions per se have been in-
vestigated for a long time, the resulting knowledge is
often neglected in studies of nanostructures. The present
paper aims at pointing out the importance of this issue for
the thermodynamic properties of nanostructured alloys.

Alloy atoms interact with grain boundaries via es-
sentially three mechanisms2^1: first, part or all of the
elastic strain energy due to atomic size mismatch is
released when solute segregates to the grain boundaries;
second, because the like and unlike atom coordination
numbers in the grain boundary segregation sites differ
from the lattice site coordination numbers, the electronic
energies of interaction in the grain boundary sites are
different from those in the lattice sites; third, the total
"defect energy" of the grain boundaries is reduced when
solute with a lower grain boundary energy segregates. As
a result, the enthalpy of solution in the grain boundary
segregation sites, A.HsplnGB, differs from the one in the
crystal lattice, AH^liaa. The difference between both
quantities, the enthalpy of segregation, is known to
reach values of up to 100 kJ/mol.2 Consequently, in
thermodynamic equilibrium, the solute concentrations
in lattice and grain boundary may differ by several
orders of magnitude. This implies that the composition
of nanostructured alloys may vary on a nanometer scale;
hence, the alloys must not generally be considered to be
homogeneous solid solutions or compounds.

We now give an exemplary illustration of how
the thermodynamic properties of a solid solution are
affected when the concentration of topological defects
is comparable to the concentration of solute atoms,
and when there is a strong interaction between those
components. For this purpose, the McLean model for
grain boundary segregation2-5 is extended to yield the
total Gibbs free energy of an alloy polycrystal, Gpx, as
a function of P, T, of the overall molar quantities of
solvent "a" and solute " /3," Na and Np, and of the
total grain boundary area, A. The model considers grain
boundary and crystal lattice as random substitutional
solid solutions with fixed molar quantities of sites,
NGB and NM, respectively, which are in thermodynamic
equilibrium with each other. We shall assume that NGB,
as well as the amounts of solvent and solute in the grain
boundary layer, NGB and NpB, are proportional to the
extensive thermodynamic variable A: e.g., NGB = A[N],
where the bracket denotes the specific layer content of
the respective quantity.6"8 The remaining quantities of
solvent and solute, N% and Nf, are situated in the
crystal lattice (the "matrix phase" containing the grain
boundary).

McLean attributes concentration-independent inter-
action energies to solute atoms on lattice and grain
boundary sites. The expression given by McLean, which
in its original form accounts only for the Gibbs free
energy due to the solute atoms, implies that the total
Gibbs free energy is

Gpx =

N GB

it*)]
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where fi°a and /up are the chemical potentials of the pure
components in their reference state at P and T, and cr°
is the specific grain boundary energy in the pure solvent
at P and T. R is the gas constant. Besides a change in
notation, the Stirling approximation has been applied to
the original equation, and the first three terms on the
right-hand side of the equation have been added. They
are required for the expression to yield the correct result
in the limiting cases of a solid solution single crystal
(A = 0) and of a pure a polycrystal (Np = 0).

Alternatively, Eq. (1) can be rationalized in an-
other way: The first three terms on the right-hand side
represent the Gibbs free energy of the components
before mixing: pure a polycrystal and pure ft single
crystal. The remaining terms describe the variations of
enthalpy and entropy when the components are mixed at
constant P, T, and A. Both variations are separated into
contributions from the crystal lattice on the one hand
and from the grain boundary layer on the other hand.
The description of systems containing an interface by
a combination of crystal lattice and layer properties is
discussed in more detail in Refs. 6 -8 . The specific grain
boundary energy a varies upon alloying; the variation
is implicitly accounted for by the enthalpy and entropy
terms in Eq. (1) [see also Eq. (3) below].

The concentrations in crystal lattice and grain
boundary are governed by the Langmuir-McLean
adsorption isotherm,25 which reads

N,GB

NGB - 7GB

sol sol

RT

(2)

for a dilute solution in the crystal lattice. Solving Eq. (2)
or NpB, and inserting in Eq. (1), an analytical expression
for Gpx as a function of P, T, Nt, and A is obtained.

The McLean model has the drawback of neglecting
solute-solute interactions in the grain boundary. On the
other hand, these interactions may be small in alloys with
a small electronic contribution to the heat of solution.
For the purpose of the present work, the use of the
simple model is motivated by the perception that it
accounts for the most basic features of grain boundary
segregation, namely: first, the existence of a number of
sites with specific grain boundary properties, available
to solute atoms; second, the fact that the number of
sites is proportional to the total grain boundary area;
third, the existence of a positive contribution, a0A, to the
solids' total energy, which is also proportional to the total
grain boundary area; fourth, the distribution of solute and
solvent atoms on lattice and segregation sites, governed
by the thermodynamic equilibrium between lattice and
grain boundary. Hence, the McLean model can provide
an instructive qualitative picture of the thermodynamic
properties of alloy poly- and nanocrystals.

The results given below were computed from the
combined Eqs. (1) and (2) for the following parameters:
[N] = Z / I O ^ N A ) , with an atomic volume D. = 1.2 *
10~29 m3 for a typical transition metal and Z = 1 mono-
layer of segregation sites (NA is Avogadro's number);
^HflGB = 0; AHfla = 100 kJ/mol; <r° = 1 J/m2;
/M = 0; T = 600 K. With these parameters, the model
solid corresponds to an idealized alloy where the inter-
actions between solute and solvent are of purely elastic
origin, and where the corresponding strain energy is
totally released upon segregation to the grain boundary.

For an idealized polycrystal with spherical grains,
the total grain boundary area A can be related to a more
illustrative parameter, the grain size D, and to the sample
volume V, by A « 3V/D. The variation of Gpx with
the overall solute molar fraction xp is illustrated for
different grain sizes D in Fig. 1. For large grain size,
GPX (solid lines) approaches the Gibbs free energy of
the solid solution single crystal, Gx (dotted line marked
"X"), whereas for grain sizes of a few nanometers, the
variation of Gpx with xa is fundamentally different.
Gpx assumes the value a A for the nanocrystalline pure
solvent (xp = 0) and varies slowly with increasing xp
as long as xp < NGB/N. In this regime, all solute is
located in the grain boundary segregation sites. When
xp > NGB/N, GPX increases in parallel with Gx. In this
regime, the segregation sites are occupied and additional

0

FIG. 1. Variation of molar Gibbs free energy G with overall solute
molar fraction xp for a binary solid solution single crystal (dotted
line marked "X") and for binary alloy polycrystals with grain sizes
2, 4, 10, 20, and 40 nm (full lines) for fixed P and T. The dotted
line marked "P" represents the variation of the Gibbs free energy of
the metastable polycrystal with xp, Eq. (4). See text for parameters
of the alloy system.
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solute is located in the energetically unfavorable lattice
sites. For each grain size, there is a particular solute
concentration above which the poly- or nanocrystalline
alloy has a lower Gibbs free energy than the single
crystal. Furthermore, the individual Gpx curves are seen
to intersect each other. The result is that, for each
solute concentration, there exists a particular grain size
for which GPX is minimized. Evidently, this grain size
corresponds to a metastable state of the polycrystal.

The minimum in Gpx is further illustrated in Fig. 2,
which displays the variation of Gpx with grain size
for an overall solute molar fraction Xp = 0.05 at T =
600 K. For a large grain size, Gpx tends asymptotically
to the Gibbs free energy of the single crystalline alloy
of same overall solute content, represented by the dotted
line in the figure. As the grain size diminishes, Gpx

is reduced because the gain in internal energy from
transferring solute from the lattice to the segregation
sites exceeds the expense of energy needed to increase
the grain boundary area. When the grain size is reduced
below about 14 nm, Gpx increases because most of the
solute atoms are now withdrawn from the crystal lattice,
and a further increase in A will not gain significant
segregation enthalpy, while energy is needed to increase
A. The grain size of about 14 nm at the minimum in GPX

corresponds to the metastable state of the polycrystal.
A recent work establishes the theoretical founda-

tion for metastability in polycrystalline alloys, based on
rigorous phenomenological thermodynamic arguments7

(see also Ref. 8 for a short discussion of the issue). As

CD

20 40 60
D [nm]

80 100

FIG. 2. Variation of the molar Gibbs free energy G of a binary
alloy polycrystal with grain size D at fixed P, T, and fixed overall
solute concentration xp = 0.05. The dotted line denotes the Gibbs
free energy of the solid solution single crystal with the same xp. See
text for parameters of the alloy system.

compared to the case of a single crystal, the expression
for the Gibbs free energy of the polycrystal contains
an additional set of conjugate variables, one extensive,
the total grain boundary area A, and one intensive, the
specific grain boundary energy a.6'9 For a binary alloy
polycrystal, and a dilute solution in the crystal lattice, a
is shown in Refs. 7 and 8 to be given by

-T [ASn *] + [Na]R NM

NM

(3)

where [AS1™"] is the grain boundary layer content in
entropy of mixing. For a given alloy composition, a
metastable state is shown to exist if a in the coarse-
grained alloy polycrystal (NGB < Np) assumes a nega-
tive value. For the McLean model with the parameters
considered above, Eq. (3) yields negative values for a
in the coarse-grained limit at overall solute concentra-
tions xp > 1.2 * 10~6; for xp = 0.05 (Fig. 2), a value
of a = —1.7 J/m2 is obtained for the coarse-grained
polycrystal. Crucial requirements for metastability are
(1) there is an upper limit to the specific excess10 of sol-
ute at the grain boundary, (2) lattice and grain boundary
are in thermodynamic equilibrium with respect to solute
concentration, and (3) the nucleation of second phases,
as e.g., intermetallic compounds, is suppressed.7

If curvature effects on a are neglected, then lat-
tice and grain boundary composition in the metastable
polycrystal are shown in Ref. 7 to be independent of
the overall solute concentration; when xp is increased,
the grain size decreases to accommodate the additional
solute. As a result, for alloys with a large heat of
segregation, the Gibbs free energy of the metastable
polycrystal, Gp', increases linearly with xp (Ref. 7):

(4)

where {Np}sat is the specific excess of solute in the
saturated grain boundary. Equation (4) is represented by
the dotted line marked "P" in Fig. 1, which is seen
to form the envelope of all the Gpx curves which are
generated when all possible values of D (or A) are
considered. For overall solute concentrations of a few
atomic percent or more, the grain size of the metastable
polycrystal is in the nanometer range.

From the data in Figs. 1 and 2, it is evident that
the variation of Gibbs free energy with composition
is both quantitatively and qualitatively changed when
the grain size of an alloy polycrystal is decreased to
the nanometer range. This demonstrates that the proper-
ties of nanostructured alloys can be understood only if
the total concentration of topological defects and their
interactions with the alloy components is accounted for.
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The importance of the issue is further underlined by
results of a recent structural analysis of nanostructured
Y-Fe alloys prepared by in situ consolidation of inert
gas condensed, mm-sized particles.11 The grain size of
the alloys is found to decrease with increasing solute
content, with up to an overall of 30 at. % of Fe soluble
in the grain boundary segregation sites between
Y crystallites. In accordance with the considerations of
the present work, the variation of grain size with solute
content in the as-prepared state and upon annealing
seems to imply a thermodynamic rather than kinetic
stabilizing factor opposing grain growth in those nano-
structured alloys.

LIST OF SYMBOLS

A
D
Gp(P,T,Na,Np)

Gx(P,T,Na,Np)

Gpx{P,T,Na,Np,A)

N
NGB

MN

NA

Na

P
R
ASmix

T
V

(p,r)

total grain boundary area
grain-size
Gibbs free energy of the

metastable polycrystal
Gibbs free energy of the

single-crystal
Gibbs free energy of the poly-

or nanocrystal
(integral) molar heat of solution

in the crystal lattice
(integral) molar heat of solution

in the grain boundary layer
total molar amount of matter
molar amount of matter in the

grain boundary layer
molar amount of matter in the

crystal lattice outside the
grain boundary layer

Avogadro's number
total molar amount of solvent
molar amount of solvent in the

grain boundary layer
molar amount of solvent in the

crystal lattice outside the
grain boundary layer

total molar amount of solute
molar amount of solute in the

grain boundary layer
molar amount of solute in the

crystal lattice outside the
grain boundary layer

Pressure
gas constant
entropy of mixing
temperature
volume

<*l(P,T)

a[p,T,Na,Np,A)

<r°(P,T)

a

Brackets

number of atomic monolayers
of solute in the saturated
grain boundary

pure solvent chemical potential
pure solute chemical potential
specific grain boundary energy

in the alloy
specific grain boundary energy

in the pure solvent
atomic volume (assumed

identical for solvent and
solute)

[ ] specific grain boundary layer content of an
extensive thermodynamic quantity; see
definition in Refs. 6 -8

{ } specific excess of an extensive thermodynamic
quantity at the grain boundary; see definition
in Ref. 10
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