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Abstract. Atomistic simulations of segregation to [001] X5 twist boundaries in Cu-Ni, Au-Pd, and
Ag-Au alloy systems have been performed for a wide range of temperatures and compositions within
the solid solution region of these alloy phase diagrams. In addition to the grain boundary segregation
profiles, grain boundary free energies, enthalpies, and entropies were determined. These simulations
were performed within the framework of the free energy simulation method, in which an approximate
free energy functional is minimized with respect to atomic coordinates and atomic site occupation.
For all alloy bulk compositions (0.05 < C < 0.95) and temperatures (400 < T (K) < 1,100) examined,
Cu and Au segregates to the boundary in the Cu-Ni and Au-Pd alloy systems, respectively; although
in the Ag-Au alloys, the majority element segregates to the boundary. The width of the segregation
profile is limited to approximately three to four (002) atomic planes. The classical theories for
the segregation, and the effects of the relaxation with respect to either the atomic positions or the
atomic concentrations, are discussed. The boundary thermodynamic properties depend sensitively on
the magnitude of the boundary segregation, and some of them are shown to vary linearly with the
magnitude of the grain boundary segregation.

1. Introduction

As a continuation of Part I, in this work, we apply
the free energy simulation method to the calcu-
lation of the structure, composition, and thermo-
dynamic properties of X5 [001] twist boundaries
in Ag-Au, Au-Pd, and Cu-Ni alloys. We find that
many properties, such as the boundary free en-
ergies, the degree of segregation, the oscillatory
behavior of composition profile, and even the
segregant species, can be dramatically different
from that of (100) free surfaces.

The segregation driving force is principally the
same for all the types of defects, namely, the
difference in the free energy of the system when

a foreign atom is located at a defect and when
the same atom is dissolved in bulk. Differ-
ent defects have different structural properties,
and therefore the driving forces and degree of
segregation vary. Although grain boundaries
and free surfaces have a great deal in com-
mon, as pointed out by Hondros and Seah [1},
a high-angle boundary can be crudely described
as mixture of free surface-like and bulk-like seg-
ments. Nonetheless, grain boundaries typically
have much more complicated structures than ei-
ther the bulk or surface and, therefore, it is
more difficult to formulate meaningful segrega-
tion models. The classical segregation theories
simply ignore the complexity of the boundary
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structure, except in as much as it changes the
heat of segregation.

Since McLean [2] estimates the heat of seg-
regation AG from the complete release of the
elastic strain energy of the solute when it seg-
regates to the boundary, the resultant predic-
tions are completely independent of the bound-
ary structure. The strain energy Eq is calcu-
lated by equation (5) in Part I. Elastic strain
energies estimated in this way are the same for
both free surfaces and grain boundaries, and
are generally correct to within a factor of two.
To achieve higher accuracy, Seah and Hondros
[1] employed the Brunauer, Emmett, and Teller
(BET) gas adsorption theory [3] to write the
solid-state analogue of the McLean adsorption
isotherm as [4]

Ci Cg AG
1—01'0,03‘”‘"( kT) )

where C§ is the solute solubility, which can be
taken from phase diagram of binary systems, and
AG' is the free energy difference between the
solute at the grain boundary and in equilibrium
with a precipitate.

Both the McLean-Langmuir equation and the
truncated BET theory are most appropriate for
dilute interfacial and bulk concentrations. At
higher segregation levels, however, interaction
of segregating atoms can be very significant and,
in many cases, is the major cause of marked
deviations from ideal Langmuir-McLean behav-
ior, These deviations can be described by the
Fowler-adsorption equation [5], which introduces
an interaction term ¢ between two neighboring
solute atoms. If Z; is the local coordination
number, then the Fowler heat of segregation is
given as

AG = AG() + 2Z1€Cl (2)

where AGy is a constant and is independent of
the segregation level. When the solute concen-
tration is locally very small, the second term in
equation (2) can be ignored, and the Fowler-
adsorption reduces to the McLean model.
Although the Fowler-adsorption model ac-
counts for solute interaction in a simple way,
another major source of error in the classi-
cal McLean segregation analysis is left uncor-
rected: i.e., the assumption that all boundary

sites are equivalent. Vitek and Wang [6] pointed
out that the grain boundary segregation is very
anisotropic, and the heat of segregation can be
substantially different from one atomic site to
another. Therefore, the average heat of seg-
regation determined from equation (2) can not
provide an accurate estimate of segregation be-
havior in any but the simplest cases.

To obtain the structure of a grain boundary,
the effects of boundary structure on segrega-
tion, and the microscopic distribution of solute
at the boundary, it is necessary to perform atom-
istic simulations. Early atomistic simulations of
segregation were based upon static relaxation
methods in systems with single solute atoms at
zero temperature [6]. Many aspects of the rela-
tionship between the structure and segregation
were revealed by this method. However, the
magnitude of the segregation can not be de-
termined by such a static simulation method.
Monte Carlo simulation methods (discussed in
Part I), on the other hand, have allowed atom-
istic simulations to be extended to alloys systems
where the local composition can change during
the course of the simulation. Unfortunately,
such methods requires substantial computational
resources, and do not provide such basic seg-
regation thermodynamic properties as the free
energy of segregation. The recently introduced
free energy minimization method [7-10 in part I,
on the other hand, is computationally efficient,
provides thermodynamic data, and yields segre-
gation results that are in excellent agreement
with Monte Carlo data [8, 8(a), 9]. Although
this approach is inherently less accurate than
the Monte Carlo method, its efficiency allows
systematic evaluations of trends in interfacial
and segregation thermodynamics as a function
of the pertinent experimental parameters such
as temperature and bulk composition. The most
important feature of this method is that it yields
a simple expression for the finite-temperature
free energy of the system. Minimizing the free
energy with respect to the positions and concen-
trations of the atomic sites produces the equilib-
rium atomic structures and free energies, from
which all other thermodynamic quantities may
be derived.

The present paper focuses on grain boundary
segregation in the same three alloy systems (Ag-
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Au, Au-Pd, and Cu-Ni) examined in a previous
study of surface segregation (Part I). We chose
to consider the [001] X5 twist boundary in this
study, since it (1) is a high angle boundary; (2)
has the same interface plane as in the surface
study; and (3) has a short period, which is im-
portant to limit the computational burden. We
examine the [001] IS twist boundary in the Ag-
Au, Au-Pd, and Cu-Ni systems as a function of
temperature and bulk composition. The segre-
gation profiles and segregation thermodynamics
are determined self-consistently with the atomic
structure of the boundary. The relationships
between segregation behavior of these three dif-
ferent alloy systems and the relationship between
the [001] X5 twist boundary and the (001) free
surface are considered in some detail.

Since the basic simulation procedure was out-
lined in Part I (previous paper) of this study, the
details are not repeated here. The geometry of
the simulation block used in the grain-boundary
simulations is the same as that employed in our
carlier studies of grain boundaries [7-9]. The
2’5 grain boundary was created by cutting a sin-
gle crystal along an (001) plane and rotating
about a common [100] axis by 36.9°. The simu-
lations were performed using 2x2 arrays of the
basic X5 period or unit cell with a total of 20
atoms per (002) plane. To make the calculation
more cfficient, the simulation started with only
four (002) planes (two planes on each side of
the grain boundary), and the number of atomic
planes was varied such that increasing the num-
ber of atomic planes did not change the grain
boundary free energy to within the convergence
criterion. This typically required ~12 atomic
planes on each side of the boundary.

2. Results

Simulations based upon the free energy simula-
tion method were performed on [001] X5 twist
boundaries in Cu-Ni, Au-Pd, and Ag-Au alloys
for temperatures between 400 and 1,100 K. At
each temperature, between 13 and 19 different
bulk compositions were examined. The temper-
atures and compositions examined in this study
are all within the continuous solid solution re-
gion of the phase diagrams of the three alloys,
as determined from perfect crystal free energy

simulation results using the same EAM poten-
tials [11].

The thermodynamic properties of the defects
are distinguished from the bulk properties by
the subscripts B or gb, where B represents bulk
(solid solution) crystal properties, and gb refers
to grain boundary properties. The grain bound-
ary properties are defined as the difference be-
tween the property of the bicrystal and that of a
random solid solution with the same number of
atoms at the same chemical potential difference
and temperature: X, = [X(bicrystal) — Xp}/A,
where X is the thermodynamic property of in-
terest (e.g. free energy, enthalpy, etc.), and the
grain boundary properties have been normalized
by the grain boundary area A. The grain bound-
ary properties may be calculated in two limits.
The first is the unsegregated limit, as may be
found by quenching the sample from very high
temperature (where segregation is negligible) to
the temperature of interest, and its properties
are denoted by X .. The second limit corre-
sponds to equilibrium segregation at the temper-
ature of interest, and is denoted by Xy ,. The
change in the thermodynamic properties that
may be associated with the segregation is given
by the difference between these two values, i.e.,
Ang = Xyb”, - ng,u.

Following segregation, the concentration pro-
file in the bicrystal is not uniform, and the
mean (dimensionless) concentration on the (002)
planes parallel to the boundary are given by
C,, where the subscript n denotes the plane
number [e.g., C; is the mean concentration
in the third (002) plane from the boundary].
We adopt the notation Cp as the dimensionless
bulk concentration far from the grain-boundary
plane. Throughout this paper, all concentrations
0 < C <1 will refer to the Cu concentration for
Cu-Ni alloys, Au for Au-Pd, and Ag for Ag-Au
alloys; the concentrations for the other compo-
nents of these binary alloys are given simply by
1-C. The degree of segregation, or excess con-
centration, is given by the difference between the
concentration on the plane and the bulk concen-
tration, and is denoted C,, ,,. The net or total ex-
cess segregation is the sum of C, ., over all (002)
planes, and is referred to as Cr,zs = Yooy Cn, zs-
The expression Cr ;, is nonzero here, since the
present simulations were performed in the grand
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canonical ensemble, while in either the canoni-
cal or microcanonical ensemble Cr ,, = 0. It is
useful to note that the concentration Cr ,,, as
defined above, only accounts for one side of the
boundary. Since the boundary has two sides,
the physical total excess concentration is twice
as large as the reported Cr, .

2.1. Segregation Profiles

The concentration profiles in the vicinity of the
[001] X5 twist boundary for Cu-Ni, Au-Pd, and
Ag-Au alloys are shown in figure 1 at T = 600
K and different bulk concentrations Cg. When
the bulk concentration Cp is varied from 20% to
80% Cu in the Cu-Ni system, the Cu concentra-
tion at the (002) plane closest to the boundary
(n = 1) varies from 64% to 95%. The second
(002) plane from the boundary (n = 2) also
exhibits Cu segregation, although to a much
smaller degree than the first (002) plane, which
is different from the surface where Ni segre-
gates to the second layer (Part I). By the third
(002) plane from the boundary (n = 3), the Cu
concentration is nearly equal to the bulk con-
centration. These segregation profiles indicate
that in the Cu-Ni system, the effective width of
the grain boundary segregation profile is approx-
imately four (002) planes (i.e., two on either side
of this boundary).

In the Au-Pd alloys (Fig. 1(b)), the concentra-
tion profile exhibits a similar form as that seen in
the Cu-Ni alloys, only the degree of segregation
is smaller. When the bulk concentration of Au
increases from 20% to 80%, the first two (002)
planes are enriched in Au, although the second
plane shows a much smaller degree of Au seg-
regation. On the third plane, however, there is
a very small Pd enrichment. The effective width
of the grain boundary segregation profile is also
approximately four (002) planes (two on either
side of this boundary). The main difference be-
tween the shape of the concentration profiles in
Cu-Ni and Au-Pd alloys is that the first layer
Cu segregation in Cu-Ni alloys is much stronger
than that of Au in Au-Pd alloys.

In the Ag-Au system (Fig. 1(c)), the magni-
tude of the segregation is very small, and the
segregation pattern is quite different from that
of the Cu-Ni and Au-Pd alloys. For bulk con-

centrations of 20% and 40% Ag, the first (002)
plane is enriched in Au, while for bulk Ag con-
centrations of 60% and 80%, the first plane is
enriched in Ag. The second (002) plane is en-
riched in Ag over the whole concentration range.
Again, by the third plane, the concentration is
almost equal to that of the bulk concentration,
and the effective width of the grain boundary
segregation profile is also four (002) planes.

The effects of temperature and bulk concen-
tration on the first-layer segregation may be seen
more clearly in Fig. 2, where we plot C; as a
function of the bulk concentration for different
temperatures. In this type of plot, the straight
line C; = Cp corresponds to zero segregation.
Clearly, C; = 0 in the limit that Cp goes to
zero and C; must go to unity as Cp approaches
one, since in these limits no solute is present.
For the Cu-Ni and Au-Pd alloys, the same ele-
ment segregates for all 7' and Cp examined (Cu
in Cu-Ni and Au in Au-Pd). The Cu-Ni alloy
exhibits stronger segregation than Au-Pd. The
main effect of temperature is simply to reduce
the magnitude of the segregation. In the Ag-Au
alloys, however, the magnitude of segregation is
very small. The C; curves do not show much
deviation from C; = Cg line, however, careful
examination shows that when the bulk concen-
tration is Au-rich, the Au concentration at the
boundary is enhanced above the bulk value, al-
though when Cp corresponds to a Ag-rich alloy,
Ag segregates to the boundary plane. The effect
of the temperature is small, and increases the
boundary Ag concentration over the whole bulk
concentration region.

The magnitude of the segregation in the three
alloy systems may be seen more clearly in fig-
ure 3, where we plot the excess concentration
of the first (002) plane as a function of the bulk
concentration at T = 600 K. In this type of plot,
C1.2s must go to zero as the bulk concentration
goes to zero or one. In the Ag-Au alloys, it is
now clear that at Au-rich side C, ., is negative
and at Ag-rich side C; ., is positive, implying
that it is enriched in Au at Au-rich side and
enriched in Ag at Ag-rich side. The maximum
segregation in the Cu-Ni, Au-Pd, and Ag-Au al-
loys occurs at approximately 0.45, 0.1, and 0.01
at 600K, respectively. Based upon this observa-
tion, we conclude that segregation is more ideal
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Fig. 1. Concentration C,, averaged over atomic planes parallel to the grain boundary versus layer number, n, where n = 1
corresponds to the (002) plane adjacent to the boundary with (a) for the Cu-Ni; (b) for Au-Pd; and (c) for Ag-Au alloys. The

temperature is 600 K.
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Fig. 2. The concentrations at the first layer C; plotted as a function of the bulk concentration Cp. (a) is for Cu-Ni; (b) is for
Au-Pd; and (c) is for Ag-Au alloys.
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Fig. 3. The excess concentration at the first (002) plane
versus the bulk concentration Cp at 600 K. The diamond,
triangle, and circle are for Cu-Ni, Au-Pd, and Ag-Au alloys,
respectively.

in Cu-Ni than in either of the other two alloy
systems.

2.2. Boundary Free Energy

The grain boundary free energy in the grand
canonical ensemble is denoted as Iy = (25 —
28)/A, where (2 is the grand potential of the
system with the grain boundary, 25 is the grand
potential for the perfect crystal, and A is the
area of the grain boundary. I, is plotted as a
function of bulk concentration Cp in figure 4.
The Iy, curves are usually quite complicated.
The complexity is introduced by the competition
between the various terms that make up the free
energy: enthalpy, entropy and chemical poten-
tials. The lower the temperature, the smaller
the contribution to the free energy from the
entropy, such that I, is larger. However, the
lower the temperature, the more negative the
contribution from the energy that drives segre-
gation and, hence, the smaller the magnitude of
I,

For bulk Cu concentrations less than approx-
imately 0.5 in the Cu-Ni alloys (Fig. 4(a)), Iy

is smallest at the lowest temperature studied
(T = 400 K). For Cp > 0.5, the smallest grain
boundary free energy is found at the highest
temperature studied (7 = 1,000 K). These re-
sults, similar to the surface segregation in Cu-Ni,
may be understood by considering the effects of
bulk concentration and temperature on the seg-
regation behavior (see figure 2(a). The degree
of Cu segregation is greatest at low tempera-
tures and for bulk concentrations on the Ni-rich
side of the phase diagram. In this regime (low
T, small Cg), where the degree of segregation
is a maximum, I is a minimum. On the other
hand, at high T and large Cp, the degree of seg-
regation is small. In this regime, the ordering
of the different temperature curves in the I
versus Cp plot are as they are in the absence of
segregation.

In the Au-Pd and Ag-Au alloys (Fig. 5(b) and
(c)), since the segregation is not as strong as that
in Cu-Ni alloys, the grain boundary free energy
curves are relatively simple and similar to that in
the unsegregated case. The contribution to the
free energy from the entropy term dominates
the contribution from the other terms, such that
the effect of increasing the temperature on the
boundary free energy curves is simply to shift
these curves to lower values of I';. The bound-
ary free energy of both the Cu-Ni and the Au-Pd
alloys decreases monotonically as Cp increased.
While in the Ag-Au alloys, there is a maximum
value in the boundary free energy curve, and it is
this maximum in the boundary free energy curve
where the segregation reverses its direction as
the bulk concentration varies from zero to one,
as discussed below.

The effect of segregation on the boundary free
energy I, may be seen more clearly in figure 5,
where I'y, is plotted as a function of bulk concen-
tration Cp for the boundaries with (solid curves)
and without (dotted curves) the segregation for
the three alloy systems at T = 600 K. When seg-
regation is allowed to occur, the grand potential
is minimized with respect to the position and
the concentration of each site, while for the un-
segregated grain boundary, the compositions of
each site are fixed at Cp, and the grand poten-
tial is minimized only with respect to the atomic
coordinates. In the Cu-Ni and Au-Pd alloys, the
unsegregated boundary free energy I, , varies
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Fig. 4. The grain boundary free energy versus bulk concentration Cp at four different temperatures. (a) Cu-Ni alloys; (b)
Au-Pd alloys; and (c) Ag-Au alloys.
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Fig. 5. The boundary free energy is plotted as a function
of the bulk concentration at 600 K. The solid lines are for
the segregated boundary, and the dashed lines are for the
unsegregated boundary. The diamonds, triangles, and circles
correspond to Cu-Ni, Au-Pd, and Ag-Au alloys, respectively.

in a nearly linear manner with the bulk con-
centration Cp, and the I, versus Cp curves
are approximately linear interpolations between
the I, values of the two pure elements in the
alloys. In the Ag-Au alloys, however, Iy, has
a maximum around the 50% bulk concentration.
The difference between the solid and the dot-
ted lines, or the effect of the segregation on
the boundary free energy, is the largest in the
Cu-Ni alloys and is the smallest in the Ag-Au
alloys, which is consistent with the degree of the
segregation in these three alloys (see figure 3).

3. Discussion

In the previous section, we reported several ef-
fects of segregation to the [001] X5 twist bound-
ary in Cu-Ni, Au-Pd, and Ag-Au alloys as a
function of both temperature and composition.
We noted that, as in the free surfaces (Part I),
there is a correlation between the excess con-
centration and the change of the boundary free
energy from segregated boundaries to unsegre-
gated boundaries. To investigate the nature of

the correlations between segregation and bound-
ary properties, we focus on that part of the
thermodynamic properties that depends on the
segregation per se; that is, the difference be-
tween the thermodynamic properties with and
without segregation. It is important to look at
this difference so as not to bias the results with
intrinsic properties of the boundary (e.g., there
is a grain boundary vibrational entropy even in
pure materials).

For Cu-Ni alloys, figure 6(a) shows the excess
grand potential Al plotted against the total
excess concentration Cr ... Similarly, Figs. 6(b)-
(d) show the excess vibrational entropy ASy .,
the excess enthalpy AHg, and the excess bound-
ary expansion AD, (i.e., the excess grain bound-
ary volume per unit area) as functions of the total
excess concentration Cr ;. These plots contain
data taken over the entire ranges of temperature
and concentration reported in the previous sec-
tion. In all four cases, we find that there is a very
good linear proportionality between these grain
boundary thermodynamic properties and the to-
tal excess concentration. Linear numerical fits to
this data show that AX g = mCr .,, with the pro-
portionality constant m = —200.25+1.76 mJ/m?
for Ay, 0.451 +0.001mJ/m?K for ASy,,
4,271.24+12.2mJ/m? for AH,, 0.1752 £ 0.0004
A for ADy. The linear dependence of these
four thermodynamic quantities on the total ex-
cess concentration implies that the effects of
segregation on the thermodynamic properties is
simply proportional to the degree of segregation.

For Au-Pd alloys, the excess grand potential
ATy, the excess vibrational entropy ASg, ., and
the excess boundary expansion AD are plot-
ted as functions of the total excess concentration
CT,zs, in figure 7. As in the surface of the Au-Pd
alloys (Part I, the excess grand potential, the ex-
cess vibrational entropy, and the excess boundary
expansion are linear functions of the total excess
concentration for all Cp and T. If we fit these
data to a linear equation AX g, = mCr, 5, we find

= ~127.1+2mJ/m? 0.448 £ 0.005 mJ/m?K,
and 0.492+0.004 A for Ay, ASg,,, and ADy,
respectively. There is much more scatter of the
data in the Au-Pd case than in the Cu-Ni alloy
system. This is presumably due to the influ-
ence of the configurational entropy (symmetric
around a concentration of 50% in the approxi-
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(c) in Au-Pd alloys versus the total excess concentration. The plus, asterisk, cross, and circle are for 600, 700, 900, and 1,100
K, respectively. The straight lines are fit to all of the data.
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mation we employ), which does not scale linearly
with excess concentration. The configurational
entropy has a larger effect on the total free en-
ergy when the degree of segregation is weaker
due to the decreased enthalpic contributions.

For Ag-Au alloys, the excess vibrational en-
tropy ASg, ., the excess enthalpy AHg, and the
excess boundary expansion ADg, are plotted as
functions of the total excess concentration in
figure 8. The excess concentration Cr, ., is var-
ied from about —0.02 to 0.03, and the order
of the magnitude of ASy , and ADy is only
about 0.001. In these three plots, only the ex-
cess enthalpy AHy [Fig. 8(b)], shows a good
linear behavior in terms of the total excess con-
centration. The other two excess quantities are
quite scattered, particularly the excess entropy
plot Fig. 8(a) with Cr, ,, > 0. If we still fit these
data to a linear equation AXy = mCr ., de-
spite the scattering in the ASg, , and ADy, data,
we find m = —0.2114+0.006 mJ/m?K for ASy, ,,
4,238 & 35mJ/m? for AH,, and 0.28 £0.01 A
for ADg. The same comments regarding the
source of this scatter made with respect to the
Cu-Ni versus the Au-Pd results apply even more
so here.

Of all the (100) free surfaces (Part I) and the
[001] twist boundaries of the three alloys, only
in the Ag-Au alloy grain boundaries does the
sign of the segregation reverse itself as the bulk
concentration varies from zero to one. This
may be understood by considering certain fea-
tures of the boundary free energy versus bulk
concentration Cp. According to the Gibbs [12]
adsorption isotherm for binary alloys with very
dilute impurity concentration

Cp 8@y
" KT 8Cjp )

The sign of the segregation depends upon the
sign of the slope of the free energy versus bulk
concentration curve. In the Ag-Au alloy systems
(Fig. 4(c)), the free energy versus bulk concen-
tration curve shows a maximum at approximately
0.5; hence, the slope of the curve changes its
signs as Cp is varied. Therefore, the segregation
changes sign as Cp goes from zero to one.

In the X5 [001] twist boundaries, there are
two independent sites on each (002) plane: co-
incidence lattice site (CS) and noncoincidence

Cl,z:s =

lattice site (NCS). These two sites have differ-
ent atomic environment; therefore, they have
different values of the heat of segregation and
different degree of segregations. We plot the
excess concentration of CS and NCS sites on
the first (002) plane of the boundary at T' = 600
K in Fig. 9. For Cu-Ni alloys (Fig. 9(a)), Cu
segregates to both the CS and NCS sites, and
the maximum excess concentration at the CS
and NCS is about 0.54 and 0.4, respectively.
For Au-Pd alloys (Fig. 9(b)), however, the ex-
cess concentration of Au is about 0.26 at the CS
sites and 0.1 at the NCS sites. In the Ag-Au
alloys (Fig. 9(c)), the segregating element at the
CS and NCS sites can be different. The CS sites
are always enriched in Ag, while the NCS sites
are enriched in Ag for Cg >~0.8 and enriched
in Au for Cg <~ 0.8.

In addition to the configurational entropy as
a source of scatter in the excess thermodynamic
properties versus bulk concentration plots, some
of the scatter may be attributable to the differ-
ence between the segregation to the CS and the
NCS sites. Because the segregation dependence
of the thermodynamic properties are different
for these two different atomic sites, and the
magnitude of the relative excess concentration
difference in Ag-Au alloys is the largest and in
Cu-Ni alloys is the smallest, it is not surpris-
ing that the Ag-Au alloys show more scatter
in the excess thermodynamic properties versus
bulk concentration plots than do the other alloy
systems.

As we have discussed in Part I, the exact
expression for the magnitude of the segregation
can be written as

C; _ Cp OF OF
1-C 1-Cs e"p[ ﬂ(aa- acaﬂ “)
where 3 = 1/kgT; C; is the concentration of

site i; and F is the free energy of the system
excluding the configurational entropy

F=E+A, (5)

For each plane, we have two different val-
ues of the heat of segregation: Q¢ (evaluated
as OF/8Cc — 8F/0Cp) and Qn (evaluated as
OF/38Cy - 8F/dCpg), where the subscripts C and
N denote coincident CS and noncoincident NCS
sites, respectively. The heats of segregation are
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respectively. The straight lines are fit to all of the data.
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plotted as functions of the bulk concentration
Cp in figures 10-12 for Cu-Ni, Au-Pd, and Ag-
Au alloys, respectively, for CS and for NCS.
To evaluate the degree to which relaxation with
respect to atomic position and concentration af-
fect the heat of segregation, we have calculated
the heat of segregation in four different lim-
its: both atomic concentrations and positions
relaxed (segregated boundary), only atomic po-
sitions relaxed (unsegregated boundary), unre-
laxed but with the same volume expansion as
the unsegregated boundary, and the totally un-
relaxed boundary. In the present study, the to-
tally unrelaxed boundary was created by cutting
a single crystal along a (100) plane and rotating
about common [001] axis by 36.87°, with no ex-
pansion. The four curves corresponding to these
four limits are denoted by diamonds, triangles,
circles, and asterisks, respectively.

The values of the heat of segregation for both
the CS and NCS sites between the fully relaxed
boundary (diamond) and the totally unrelaxed
boundary (asterisk) are quite different for all
three alloys. In some cases, such as the CS
and NCS sites in Au-Pd alloys and the CS sites
in Ag-Au alloys, relaxation changes the sign of

the heat of segregation. The major effect of
relaxation, however, comes from the expansion
of the boundary. Such an expansion of the grain
boundary is simply to release the uniaxial com-
pression, which results from creating the grain
boundary at fixed volume, i.e., the change in heat
of segregation due to expansion is a mechanical
work term. Therefore, it may be concluded that
if the grain boundary has a positive excess vol-
ume, the magnitude and sign of the segregation
may be changed significantly if segregation oc-
curs at fixed volume. The relaxation with respect
to the atomic positions and concentrations also
changes the value of the heat of segregation, but
these effects are not as important as the relax-
ation with respect to boundary expansion. For
the alloys of Cu-Ni and Ag-Au, the difference of
the heat of segregation between the segregated
(fully relaxed) and the unsegregated boundary
is small, implying that the interactions between
solute atoms are not very significant in these
alloys. However, in Au-Pd alloys this difference
is quite substantial. Therefore, the relaxation of
the boundary with respect to expansion, atomic
positions, and concentrations may all be very im-
portant and necessary. However, in some cases,
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where the interactions between solutes is not
significantly different from that between solute-
solvent and solvent-solvent, the effect of relax-
ation with respect to the atomic concentrations
may be ignored.

Classical theories of segregation, such as the
Langmuir-McLean and Fowler-adsorption mod-
els, are based on approximations to the heat
of segregation Q;(= 8F/9C; — dF/8Cp) on the
layer adjacent to the grain boundary. As we
discussed above, the heat of segregation in the
Langmuir-McLean model @ is a constant, while
for the Fowler model, @ is a linear function
of the surface concentration. From the fully
relaxed heat of segregation curves (see the di-
amonds in Figs. 10-12), and the C; versus Cp
curves in figure 2, we see that neither Q¢ nor
Qn are constants, and neither is a linear func-
tion of C) for all the three alloys. Therefore,
the Langmuir-McLean formula and the Fowler-
adsorbtion model are not adequate descriptions
of the grain boundary segregation found in the
present study.

5. Conclusions

Atomistic simulations of segregation to [001] X5
twist boundaries in Cu-Ni, Au-Pd, and Ag-Au
alloy systems have been performed for a wide
range of temperatures and compositions within
the solid solution region of these alloy phase
diagrams. In addition to the grain boundary
segregation profiles, grain boundary free ener-
gies, enthalpies, and entropies were determined.
These simulations were performed within the
framework of the free energy simulation method,
in which an approximate free energy functional
is minimized with respect to atomic coordinates
and atomic site occupation. For all alloy bulk
compositions (0.05 < C < 0.95) and tempera-
tures 400 < T(K) < 1,100) examined, Cu and
Au segregates to the boundary in the Cu-Ni and
Au-Pd alloy systems, respectively; although in
the Ag-Au alloys, the majority element segre-
gates to the boundary. The width of the segre-

gation profile is limited to approximately three
to four (002) atomic planes. The classical the-
ories for the segregation and the effects of the
relaxation with respect to either the atomic posi-
tions or the atomic concentrations are discussed.
The boundary thermodynamic properties depend
sensitively on the magnitude of the boundary
segregation.
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