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A discrete lattice plane, nearest neighbor, broken bond model which had been previously
used to calculate the energy of coherent interphase boundaries in binary substitutional and
ternary substitutional-interstitial systems was extended to ternary substitutional alloys to
study the chemical interfacial energy and composition profiles across the interphase
boundary in fcc solid solution. Compared with a binary system, the segregation of the third
component atoms at the interphase boundary is demonstrated both with symmetric and
asymmetrical composition profiles. Accordingly the interfacial energy is reduced by the
presence of the third component. Increasing temperature has an effect of decreasing the
gradient of composition profiles across the interface, as well as absolute value and
anisotropy of the interfacial energy in ternary system.
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1. Introduction

The composition and free energy of interphase bound-
aries are two of the most important properties in study-
ing the interface behavior in solid phases, in addition to
crystallographic relationship. However, only a few of
experimental data on the composition profile and en-
ergy of solid-solid interphase boundaries are available
by scanning Auger electron spectroscopy [1] and solid
state wetting measurements [2]. Due to relatively ex-
perimental difficulty, more attentions have been paid
on theoretical studies [3, 4]. One of the earliest theoret-
ical attempts is the Becker equation [5], in which the
energy of coherent interphase boundaries is calculated
from the change in total bond energies across the inter-
face upon joining two crystals. Following this scheme,
a discrete lattice plane (DLP) approach was developed
to analyze the composition and energy variation associ-
ated with interphase boundaries [6—8] and temperatures
[9], which agrees with the continuum model by Cahn
and Hilliard [10] at sufficient high temperatures.

On the base of the above methods developed in bi-
nary solid solutions, the DLP/NNBB model is extended
to fcc-based and bcc-based ternary substitutional-
interstitial systems for the application to carbides and
nitrides of B1(NaCl) structure, e.g. TiC and VN etc.,
with austenite and ferrite [11-13]. The rather different
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anisotropy of interfacial energy and composition from
a binary system is demonstrated in these ternary alloys,
which suggests the significant effect of the non-metallic
atoms as third component.

In a ternary substitutional system, the segregation in
the surface and grain boundaries of one component has
been extensive studied [14] based mainly on Gibbs ad-
sorption theory [15], from which detailed understand-
ing about the composition profile and interfacial energy
is limited. A discrete version of Cahn and Hilliard’s
continuum theory has been applied to Cu-Ag-Au [16]
and Cu-Pb-X [1] alloys to study interfacial segregation
and energy. Embedded atom method [17] was also em-
ployed to above system to calculate the solution energy
of Au within the interface and to obtain relaxed atomic
configurations, however, for more ternary substitutional
systems in general, the interfacial energy and concen-
tration distributions are still lacking with respect to the
variation of temperature and orientations.

In this report equations for solute profiles in the
boundary region are developed in substitutional ternary
systems following the DLP/NNBB method previously
reported [9, 11]. Then, they are solved in numerous
cases considering the various interaction coefficients
between the component elements. The results are dis-
cussed with an emphasis on the characteristics of the
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influence of interaction parameters on the solute pro-
files and the chemical energy of interphase boundaries.

2. Calculation method

Consider that a block of an fcc solid solution (termed
as o phase) is joined to another block of fcc compound
(B phase). They are both initially homogeneous regular
solid solutions and have the compositions which cor-
respond to the ends of the equilibrium tie-line in the
(¢ + B) two phase region of the A-B-C ternary phase
diagram, where A, B and C denote substitutional metal
atoms. It is assumed that the lattice of the o phase and
that of the 8 phase have an identical lattice parameter,
are cube-cube oriented and thus, the interfaces between
them are fully coherent.

After joining, the system achieves a metastable equi-
librium solute distribution at a constant temperature,
pressure and chemical potential of component atoms
under the boundary condition that the compositions far
from the boundary are equal to those of bulk equilib-
rium. The total free energy change AF can be defined
as,

AF = AH — TAS (1)

where AH and AS are the enthalpy and entropy
changes of the system accompanying the net atomic
movements required to reach the equilibrium configu-
ration after forming the interface from the initial ho-
mogenous state. 7" is the temperature. In the calcula-
tion procedure, first step is to determine the equilibrium
phase boundary composition before joining as a refer-
ence state.

2.1. Calculation of equilibrium
concentration at «/8 phase
boundary in ternary system
The free energy of a homogeneous ternary phase per
lattice site is given by,

Z
= E[(XA)zeu + (xB)?en + (x9)%ess]

A_B A B
+Z(x"x e +x xcel3 +x xcez3)

+ kT2 Inx® + xBInx® +xCx® (2

where Z is the total coordination number (Z = 12 for
an fcc lattice), x*, x® and x€ are the concentration of
A, B and C atoms, respectively (x* + xB + xC = 1),
kg is the Boltzmann constant, e;j is the bond energy of
ani — j pair (i, j = 1,2 and 3 for A, B and C atoms),
which is assumed constant and identical no matter it is
within « phase, B phase or at the /8 interface.

From this expression the chemical potential of com-
ponent species in phase v(v = « or v = ) is obtained
as,

A Z
n, 25611+ZA€12( ) +ZA23)C

+ZAeis(x€)° + kT Inx (3a)
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py = 5622+ZA€12( ) + ZA3x, XVC

+ZA€23( ) +kBTlnx (3b)

and

Z
MS=5€32+ZA613( ) + ZA1x, )C‘l)3

+ZA€23( ) +kBTlnx 3c)

where Aejj and Aj; etc. are defined by,

e + &jj
2

Az = Aejy + Aejz — Aens

Aeij = €jj — and

“

The Aej; is related to the regular solution interaction
coefficient, L, in an A-B binary alloy as L = ZN,Aey;
and the critical temperature of a miscibility gap as
T.=L/2R = ZAe /2kg where N, is the Avogadro’s
number and R, the gas constant. Aej, is always as-
sumed positive through this calculation, and two pa-
rameters r = Aej3/Aejp and p = Aey3/Aeyy are in-
troduced for convenience during the calculation.

The phase boundary concentration is achieved when
the chemical potentials for each kind of atom are iden-
tical in both & and § phases, which is readily calculated
from Equation 3 at any temperatures.

2.2. Calculation of concentration profile

in interphase boundary region
By forming the interface, the total enthalpy change is
given by DLP/NNBB model as,

AH =n, Z Aelz|:—(xiB —xB)’z
+ Z P ZJ} +ng Y Aers
i
xﬁj)zzj:|
oy Az{—(xf —)aE - x0)z
i

2l

where ng is the number of atom sites per unit area of
interface, x; is the atomic fraction in the i’th interfa-
cial layer of B or C element (as indicated in the super-
script), x,, is initial equilibrium concentration in bulk
o or 8 phases (v =« for original o phase planes and
v =f for original B phase planes). Z; is the coordi-
nation number in the j’th layer to an atom in the i’th
plane. ), denotes summation over the entire interface
zone, which is described as those atomic layers whose
solute concentration differs from that of either bulk o

or B.

x [_(xf: —xOz 4 Y (-

j
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The configurational entropy change of v phase is,
S = —nskBZ {(1 —xB —
i

xB xC
+x?1nx¢B+xF1nx—1C} (6)

v Vv

B C
I —x7 —x;

x ) ln ———1
1) 1 —xB—x¢€

The equilibrium distribution of each elements is
achieved when the first derivatives of the free energy
change with respect to the concentration vanish, that is,

or 0 d or 0 )
—x =V, an — =
axp dxC

1

The substitution of Equations 5 and 6 in the above
equations yields a set of non-linear equations to be
solved simultaneously for xP and x¢,

2A€12{X§Z — xiBZ() — Z (xi]ij + xiBj)Zj}

i

+Am{fo—XFZr—§:Uﬁg+x£ﬂ%}

i

1 —xt 1—x¢
—kgT {In P —1)—1In e —-1)t=0

(8a)

and,

2Aeis :xfz —xZo— Y (x5 + xic_j)Zj}

i

+A23{XEZ —xPZo - Z (xilij + xiB—j)Zj}

i

The determination of n; and Zj in an fcc lattice, which
has bee described in previous paper [9] already, will not
be duplicated here.

2.3. Calculation of interfacial energy

After obtaining the equilibrium solute distribution, it
is possible to calculate the interfacial energy from the
free energy changes,

o =AH—TAS )

By incorporation of the enthalpy and entropy terms,
the equation for interfacial energy is written as,

1+J ji|
1+_] ji|

o_nSZAelg[ x —x Z—I—Z
+HSZA€13|: x —x Z+Z

+Z 1+J
B {
1 1
+nkBTE { 1—)C —x lnm

X i
—l—xiBlnx—B—i—xiClnE (]0)

v

At T = 0 K, the kgT term vanishes and the solute
profiles change abruptly across the interphase bound-
ary. Then, Equation 10 is simplified to a Becker-type
equation,

o= nSAelz(xB —)cg)2 Zij + nsAelg(xg —x}g)2
j

_x/s Z]Z

(11a)

X Zij +nSA23(x —xl5
j

which at sufficiently low temperatures permits a quick
estimate of o to be made for various interface orien-
tations once the bulk equilibrium compositions of the
two phases are known. Furthermore, assuming C atoms
keep the same concentration in two phases (at r = p)
and B concentration profile jumps directly from zero
to unity across the sharp o/ interface at 7 =0 K, the
above equation is reduced to,

ZJZ

o = n, Aelz l—x (11b)

Equation 11b indicates clearly that the addition of C
atoms reduces the interfacial energy effectively in com-
parison with binary systems.

For a general case of r £ p at T = 0K, C atoms have
dissimilar interaction with A and B atoms, and thus have
a tendency to stay solely in either « or 8 phase accord-
ing to the ratio of r/ p. The interphase boundary can be
regarded as A/B|_xCx or A;_4C«/B interfaces in some-
way (no ordered solution or intermetallics compound
is considered to form here) according to the different
affinity of C with A and B, and the interfacial energy is
calculated as,

o= nsAelz(l — xg) Zij — nSAezgxg(l — xg)

x ijj + ngAeizxg Z JjZ;
j j

(11c)
and,
o= nsAelz(l — xg) Z JZj — nSAeBx‘S(l — xg)
j
X Z]ZJ + }’lSA€23x§ Z]ZJ
i i

(11d)
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for xg =0and xg =0, respectively. It is noticed that all
the above equations can be further reduced to match a
binary system exactly [9].

3. Results and discussion

3.1. Phase boundary composition

To begin with, solute atom C is first assumed to have
similar bond energy with both A and B atoms, i.e. at
r = p. The phase boundary composition corresponds to
a symmetrical miscibility gap for such a case, as shown
in the concentration triangle in Fig 1a. Various temper-
atures of 0.25, 0.5 and 0.75 T, are included in Fig la
with r = p = — 0.5, which implies that the regular in-
teraction coefficient of A-C and B-C is negative and
one half that of A-B. Below 0.25 T, the « phase con-
tains almost only A and C atoms whereas the 8 phase
is composed of B and C atoms solely if x© is lower
than about 0.4. With increasing C concentration and
temperature as well, the dual phase region shrinks as
in a binary system and the mixture of A and B atoms
is pronounced. The maximum addition of C fraction
to the alloy, which shows a miscibility gap, decreases
from about 0.73 to 0.23 when temperature rises from
0.25 T, to 0.75 T.. It is interesting to point out that the
maximum solubility of C in dual phase region is irrel-
evant with the value of r if r/p is fixed to unity. It is
solely temperature dependent.

For the case of r # p, the shape of miscibility gap
diverges from the symmetric case and the tie-lines tilt
according to the ratio of r/p. Fig. 1b shows the phase
boundary composition with tilted tie-lines at 0.5 7Tt
for r = —0.5 and p = —1 for example. More C atoms
are dissolved in B phase than in o phase due to more
negative p value. The miscibility gap is also enlarged
slightly compared with r = p = —0.5 at same temper-
ature (dotted line in Fig 1b), which indicates that C
atom rendering different A-C and B-C bonding energy
promotes the separation of « and § phase.

3.2. Symmetric composition profile in the
interphase boundary at r=p

The composition profiles can be calculated from each

tie-lines calculated above for a given ternary alloy.

Fig. 2 show the profiles of A, B and C atoms at 0.25,
0.5 and 0.75 T, respectively, which are calculated for a
(100) interphase boundary in an alloy of nominal com-
position of x¢ = 0.1 with 7 = p = —0.5. The symmetric
profiles for A and B are expectable from identical r and
p, whereas the segregation of C atom in the interface
region is worthy of noting. At a temperature of 0.25 T¢,
the concentration peak of C atom at the interface is more
than twice that of bulk, as shown in Fig. 2a. The appar-
ent variation of C concentration is limited to about four
atomic layers. On the other hand, the mixture of A and B
atoms is not significant at this temperature, except only
for two adjacent layers. As temperature increases, the
peak of C atom concentration decreases remarkably. At
0.75 T, the C concentration shows negligible variation
(less than 5%) across the interface zone, whereas the
profiles of A and B atoms become relatively flat, which
expends the interfacial zone to more than eight atomic
layers.

Compared with the A-B binary system [9], it is seen
that the concentration profiles of A and B atoms are gen-
erally more flat at the same temperature (eg. at 0.75 T
in Fig 2¢), which indicates that the addition of C atoms
into the system enhances the mixture of A and B atoms.
At 0.25 T. (Fig 2a), the serious segregation of C atom
in the interface brings even a small climax for A and B
atoms in the nearest but one atomic layer to the exact
interface. This may due to the effect of strong affinity
of C to both A and B atoms despite of the repulsive
interaction of A and B. As shown in Fig. 3a, for more
attractive C atoms ( = —2), the fluctuation on the pro-
files is more pronounced. If r is negative enough, the
atom layers full of A or B atoms and accordingly de-
pletion of C atoms are likely to present at interface.
The significant oscillation profiles extending into both
phases may suggest a tendency for ordering due to the
negative r [16].

The influence of r on the composition profile is
shown in Fig. 3 for a (100) interface at 0.25 T, with
r=-2,0, 0.3, respectively. In all the figures, appar-
ent segregation of C atom into interface is indicated.
It is seen that as the absolute value of r increases, the
profile shape for A and B atoms gets flat. On the other
hand, the concentration of C atoms at interface rises
obviously, especially when r is positive. This means

Figure 1 Calculated equilibrium o/ 8 phase boundary composition in A-B-C system of (a) r = p=—0.5at T =0.25,0.5and 0.75 T, (b) r = —0.5 and
p=—latT =0.5T,, where r = Aej3/Aejz and p = Aepz/Aera. The dashed line in (b) is that for r = p = —0.5 at same temperature for comparison.
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Figure 2 Composition profiles normal to (100) interface at (a) T =0.25 T¢, (b) T =0.5 T; and (c) 0.75 T. with r = p =—0.5 and xg :xg =0.1.

that C atoms which are repulsive with A and B atoms
is more easier to segregate in the interface than that
of attractive interaction, and renders a broader inter-
face region. From this calculation, it is deduced that
an interface composed of most C atoms develops rea-
sonably when r is large enough. For example, if A-C,
B-C and A-B have equal interactions (r = 1), the o/
interphase boundary is likely to be separated by a thin
film of new y phase containing main C atoms (actually
a/y /B configuration occurs).

The relationship of maximum C concentration in the
interphase boundary with respect to the ratio r (= p) is
shown in Fig. 4 for various temperatures with a constant
bulk C concentration of 0.1. The curves increase slowly
with increasing r value, when r is more negative than
—2, and rise abruptly after r is larger than approximate
—1,0and 1 for0.25 T, 0.5 7. and 0.75 T¢, respectively.
It is also clear that the higher temperature, the lower C
concentration peak, which is due to the dominant effect
of entropy at elevated temperature.

Fig. 5 shows the unite concentration profile for (100),
(110) and (111) boundary orientations with respect to
the absolute distance from the interface at 0.5 7. and
x€ =0.1. The composition profile seems to be indepen-

dent of interface orientation, as in a binary alloy [9],
which makes it possible to evaluate the concentration
profile for any orientations from (100) readily.

3.3. Asymmetrical composition profile
in the interphase boundary at r#p

In actual alloys, r is not usually equal to p, i.e. Aej3
is different from Aejs. An asymmetrical concentration
profile is shown in Fig. 6 at 0.25 T, for r = —0.5 but
p=-—0.7, —0.25 and 0.5, respectively. At p=—0.7,
B-C affinity is more stronger than that of A-C, the seg-
regation of C atom in 8 phase is profound than that in
a phase. The peak of C occurs at the original g layer,
in contrast to the symmetrical profile at r = p (Figs. 2
and 3). The oscillations in both C and B profiles are
significant in 8 phase, which may imply the tendency
of formation of BC intermetallic compound, whereas in
« phase the profiles are fairly regular. It is noticed that
the bulk composition of C in § is higher than that in «
due to p/r > 1 at this case. Alternatively at p = —0.25
(Fig. 6b), which is less negative than r, an opposite
propensity takes place compared with Fig. 6a. More
C atoms present in « phase rather than in 8 phase,
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Figure 5 Concentration profile for (100), (110) and (111) boundary
orientations normal to the interface at 0.5 7, with r = p=—0.5 and
xS = xg =0.1. The distance from the interface is normalized by the lat-
tice parameter, a.

however, the segregation degree is reduced at the in-
terfacial region, which is related to the actual value of
r and p. If p is further increased to a positive number
such as 0.5, most C atoms remain in o phase with an
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abrupt drop to a negligible level cross the interface, as
shown in Fig. 6¢. The relatively sharp profiles of A, B
and C atoms in Fig. 6¢ are owing to repulsive B-C and
attractive A-C interaction concurrently.

3.4. Interfacial energy in ternary alloy

The (100) and (111) interfacial energy between « and
phases for an alloy containing 0.1 C withr = p =—0.5
(corresponding to the composition profiles in Fig. 2)
was calculated and the results are shown in Fig. 7 in the
unit of kg7 /a?, where a is the lattice parameter. It is
seen that the interfacial energy decreases rapidly with
the increasing temperature, similar to a binary alloy
(x€=0). Since C atoms reduce the miscibility gap, the
curves are terminated at temperature at which the alloy
enters single phase field, which is much lower than 7
for A-B binary alloy.

The presence of third component atoms is shown
clearly in Fig. 7 to decrease the interfacial energy com-
pared with the binary system at same temperature. As
mentioned above this is because C atoms decrease the
composition gradient remarkably. The significant ef-
fect of C concentration on diminishing the interfacial
energy is seen in Fig. 8 quantitatively for three tem-
peratures with » = p = —0.5. This is reasonable from
Equation 11b, which demonstrates a parabolic relation-
ship of the energy with x© at 0 K.

1.5
. (100)-binary
1.2 4
/ v (111)-binary
0.9 -

0.6 1

interfacial energy, kpT /a2

f

o (100)-0.1C

034 (111)-0.1C

0.0 '

L]
0.2 0.4 0.6 0.8 1

Temperature, T/Tc
Figure 7 Variation of (100) and (111) interfacial energies in the unit of

kg T /a* with temperature for the same ternary alloy as Fig. 2. The curves
for binary system are also included for comparison.

For a constant value of x¢ = 0.1, Fig. 9 shows
the variation of (100) interfacial energy with the value
of r(= p). When r is negative, the interfacial energy
shows a slight decrease with increasing r. When r is
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Figure 9 Variation of (100) interfacial energy with the value of (= p)
for a constant bulk C concentration of 0.1.

positive enough, an abrupt drop of the energy with in-
creasing r occurs, which is consistent with the maxi-
mum C composition at the interface as shown in Fig. 4.
This suggests that repulsive B-C and A-C interactions
reduce the interfacial energy effectively.

At the case of r #£ p, the relationship of interfacial
energy with p value is shown in Fig. 10 at 0.25 T for
r=—0.5 and xg =0.1. With increasing p to a positive
value, the B-C affinity decreases, and interfacial energy
increases. This is because that the solubility of C atoms
in B is reduced at such a case and the composition
profiles are relatively sharp as shown in Fig. 6¢ for
example. Thus C atom, which is attractive to one phase
and repulsive to the other phase, is likely to result in
an improved interfacial energy than identical B-C and
A-C interaction.

The anisotropy of the interfacial energy in this ternary
system is considered from Equations 11 to be same as
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Figure 11 The 3-dimensinal polar plot of interfacial energy and equi-
librium shape from Wulff construction at 7 =0 K for an fcc ternary
system.

that in a binary system at 7 =0 K, i.e. {111} has the
smallest and (210) has the largest energy [9]. This is in
sharp contrast for a ternary system containing intersti-
tial atoms [11], whereas {111} has the largest energy
and the precipitate basically has an equilibrium cube
shape [12]. The 3-dimensinal polar plot and Wulff con-
struction of interfacial energy for the present A-B-C
ternary system is shown in Fig. 11 at T =0 K [18]. The
equilibrium shape is a tetradecahedron with dominated
{111} facets and minor {100} facets. As temperature
increases, the anisotropy of energy decreases and even-
tually isotropic sphere-shaped equilibrium precipitates
is preferential at temperatures high enough. The favor-
able {111} facets is consistent with a Monte-Carlo study
of the same alloy [19], which indicates also the presence
of {111} facets for the protrusion at the interface.

3.5. Application to Cu-Ag-Au alloy

A Cu-Ag-Au alloy may be one obvious example for
application of the above calculation. Copper, silver and
gold are in fcc structure, with the lattice parameter of
0.362, 0.409 and 0.408, respectively [20]. Cu-Ag in-
teraction is positive, and the critical temperature of
miscibility gap, T¢, is calculated to be 1913 K from
the mixing enthalpy [20]. The negative regular solution
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constant of Cu-Au and Ag-Au is nearly equal (about
10% difference) [21], and about 1/2 of that of Cu-
Ag (r = p=—0.5). For such a system at 580 K, the
measured distribution of gold by scanning Auger spec-
troscopy [1] shows clearly the segregation of Au at
Cu/Ag interface region to such a degree, which agrees
with present calculation in general (Fig. 12). Unfor-
tunately, the comparison is rather qualitatively than
quantitatively, since the calculation indicates the profile
across only several atomic layers (totally distance less
than 20 nm), which may be quite difficult to demon-
strate by experiments. The experimental asymmetric
profiles at a much broad interface [1] are owing to the
strain energy arising from the lattice misfit [16]. The
segregation of Au atoms tends to be suppressed on the
Cu-rich phase because of greater size misfit and en-
hanced on the Ag-rich phase accordingly.

4. Summary

The discrete lattice plane /nearest neighbor broken bond
model was employed to calculate the composition pro-
file and the interfacial energy in a ternary substitutional
fcc system. The equations of solute distribution, which
were developed following the scheme reported previ-
ously in a binary system [9], were solved to calculate
the temperature and composition assuming various in-
teraction parameters.

The third component atoms, C, which have same in-
teraction with A and B atoms, render symmetric com-
position profiles across the interface. C atoms have a
strong propensity to segregate at the «/f interface,
and reduce the interfacial energy compared with corre-
sponding binary alloy. The segregation of C atoms and
reduction of energy are more significant for repulsive
A-C and B-C interaction than negative A-C and B-C
interaction. The calculated data are in fairly agreement
with the experimental result in a Cu—Ag—Au alloy.

As temperature increases, the gradient of composi-
tion profiles for A, B and C and interfacial energy de-
crease in a similar way with a binary alloy. A Becker-

type expression was derived which allows one to esti-
mate the chemical interfacial energy in A-B-C ternary
system at lower temperatures once bulk equilibrium
phase boundaries and bond energies are known. The
anisotropy of the interfacial energy in ternary sys-
tems at 7 =0 K is same as in the corresponding bi-
nary system, and decreases rapidly with increasing
temperature as well as the bulk concentration of C
atoms.

In case of different A-C and B-C interaction, asym-
metric concentration profiles present at the interface.
The segregation of C atoms is more intensive in the
phase which contains more attractive atoms to C rel-
ative to the other. As the difference of A-C and B-C
interaction enlarges to a sufficient amount, a configura-
tion of AC/B or A/BC interphase boundary is expected
to occur.
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