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Abstract Segregation of trace elements on a surface, at
grain boundaries or more generally in any interface can
have important consequences: adhesion of thin films, cat-
alytic activity, embrittlement of steels by P or of nickel
alloys by S, reinforcement of nickel alloys by B, etc.
Segregation kinetics can be simulated by a finite element
(FE) approach, by implementing the Darken—Du Plessis
equation at the interface and Fick’s diffusion laws in the
bulk. It is then possible to simulate segregation kinetics in
non-isothermal conditions, and to couple segregation and
macroscopic heat transfer calculations. A previously
developed model is here adapted to the case of complex
interfacial segregation phenomena: (i) segregation of a
single species with a solute—solute or solute—solvent
interaction, (ii) co-segregation of two species with a site
competition in the interface, and (iii) segregation of a
single species at an interface between two phases. Results
are compared with available experimental data.

Introduction and background

The classical theory of interfacial segregation:
thermodynamics and kinetics

Given their singular atomic structures, interfaces in mate-
rials possess peculiar chemical, physical and mechanical
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properties. Interfaces can be of different kinds: free surfaces,
grain boundaries, interdendritic boundaries, interphase
boundaries, etc. Among others, chemical equilibria in
interfaces are modified compared to the bulk, with different
thermodynamic conditions for the formation of solid solu-
tions and/or ordered phases. In nickel for example, despite
an extremely low bulk solubility of sulfur, the surface and/or
grain boundary atomic concentrations can reach several tens
of percent in certain conditions [1]. This phenomenon is
known as interfacial segregation [2]. It can, in some cases,
induce important modifications of the properties of materi-
als, in particular an intergranular embrittlement of metals
and alloys (nickel, iron, steels, etc.) by impurities such as
sulfur and/or phosphorus [3]. The equilibrium between the
interface and the bulk can be expressed by the following
thermodynamic equation [4, 5]:
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where AGj is the free energy for segregation of the solute I,
Xff’ eq the equilibrium interfacial atomic fraction of solute,
X! nax the maximum fraction of sites in the interface that
can be occupied by the solute atoms (it is equal to unity if
the segregation is perfectly substitutional and lower if for
geometrical reasons, all the sites cannot be occupied by the
solute), X7 the bulk atomic fraction of free solute (“free”
meaning that, for instance, solutes trapped in precipitates or
yet segregated are not taken into account), R the gas
constant, and 7 the temperature. A common practice is to
introduce a new quantity, called the equilibrium coverage
ratio of the interface, GI,eq’ defined as the ratio between the
equilibrium fraction of solute in the interface and the
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This thermodynamic approach dictates that the coverage
ratio decreases as temperature increases, as shown on the
example of Fig. 1. Nevertheless, since in reality, the
interfacial and bulk concentrations can be very different
(several orders of magnitude), in order to reach this equi-
librium, there must be a diffusional transport of the seg-
regation species between the bulk and the interface. The
equilibrium coverage ratio can therefore be reached in
“reasonable” times only for quite high temperatures, where
diffusion is fast enough; segregation kinetics is at the
opposite strongly limited by diffusion at low temperatures.
For instance, in the case of a material in which segregation
has been previously removed by a high temperature heat
treatment, three different situations can be usually found:
(i) temperature is high enough so that the equilibrium
coverage ratio remains low; (ii) temperature is low and
diffusion is so slow that segregation cannot occur for
kinetic reasons, even if the equilibrium coverage ratio is
high; (iii) in an “intermediate” range of temperatures,
diffusion is fast enough so that significant coverage ratios
can be reached within times that are characteristic of real
situations (service conditions or processing). This is, for
example, responsible for a loss of ductility in nickel-based
alloys in the temperature range ~ 700-1000 °C, due to the
segregation of sulfur at grain boundaries [3].

In the past, analytic equations have been successfully
derived to predict the evolution of segregation with time
and temperature, but in most “real” cases, these equations
cannot be used, especially when temperature depends on
time and is not uniform in the specimen. Therefore, several
numerical approaches have also been proposed to deal with
such cases. In particular, finite element (FE) models can, in
addition to the calculation of segregation kinetics, predict
with a good accuracy the thermal and stress fields in a
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Fig. 1 Evolution with temperature of the equilibrium coverage ratio,
calculated with X;’ = 10 at. ppm and AG; = —100 kJ/mol

specimen subjected to complex histories (for example
welding, quenching, forging, etc). This is useful for engi-
neering purposes, to calculate the segregation level at any
time and any position of a real part and eventually to
predict the probability of failure, in the case of segregation
of tramp elements. Preliminary study on these aspects is
summarized in the next section.

Finite element simulation of interfacial segregation:
background

In a previous article [6], it has been shown that the kinetics
of segregation could be simulated by a FE approach, by
coupling the resolution of Fick’s diffusion equations in the
bulk to the Darken—Du Plessis model [7, 8] to govern the
flux of exchange of solute between the interface and its
vicinity in the bulk, Ji:

_DCY(o) (A_G

P UL —Xr(q))))

& X o) - 0 ®)

where D; is the bulk diffusion coefficient of the solute, &
the interatomic plane spacing, and 0; the current (i.e., non-
equilibrium) coverage ratio. Xj(¢) and Ci(¢) are,
respectively, the atomic fraction and the concentration of
the solute in the bulk at the vicinity of the interface. It can
be seen that, when thermodynamic equilibrium is reached
(i.e., Egs. 1, 2 are fulfilled), the flux defined by Eq. 3 is
equal to zero. In parallel, the evolution of the interfacial
solute concentration, Cy, is computed using:

dc?
dtl =—f 4)

where fis a geometric coefficient. It is equal to unity for a
surface and to two for a grain boundary, to take into
account the gathering in the interface of solute coming
from both adjacent grains. Both in the bulk and in the
interface, the atomic fractions and concentrations (X| and
CY on the one hand, X" and C} on the other hand) are
related to each other through bulk and interface site den-
sities (for example, in nickel, with a lattice parameter of
0.352 nm and a face centered cubic structure, the bulk site
density is 9.17 x 10°® m— and the surface site density is
1.61 x 10® m2ona (100) surface).

Equations 3 and 4 were implemented in the Comsol FE
software and solved at the interface. They were coupled to
a bulk diffusion model, where the diffusion coefficient was
defined as Dy = Dy exp(fQI/RT , where Dy; and Qy are
the material-dependent properties [6]. All the features of
interfacial segregation mentioned in “The classical theory
of interfacial segregation: thermodynamics and kinetics”
were well predicted by the model [6], including the com-
petition between thermodynamics and Kkinetics in an
intermediate range of temperatures. The model could be
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used to simulate both surface segregation and grain
boundary segregation, in non-isothermal conditions.

Complex cases

Nevertheless, in real cases, more complex interfacial phe-
nomena can occur. In particular, it is well known that
solute—solute or solute—matrix interactions can occur and
modify the thermodynamics of segregation. Also, there are
cases where several different solute species compete for the
same segregation sites; this is the case, for example, of
phosphorus and sulphur in iron, nickel, or iron—nickel
based alloys. Finally, the segregation of a species at an
interphase between two crystals of different nature is very
important, for instance, in the case of polyphased alloys,
coatings, cermets, etc. The aim of this article is to present
an extension of the previously developed FE model [6] to
such complex cases. Results will be assessed both on the-
oretical bases and through comparisons with published
data, when available. As a general rule, no information will
be given on the specific basic definition of the FE model
(except when necessary and/or specific to the cases treated
here), since these aspects have already been dealt with in a
previous study [6].

Solute-solute or solute-solvent interaction
Physical phenomenon and basic equations

Even if it can often be neglected, the interfacial free energy
for segregation of a given species, AGy, is not a fixed value,
but depends on the concentration of solute already segre-
gated in the interface [4]. This can be expressed as:

AGy = AGY — 2opu(X{ — X7) (5)

where opy can be seen as either a repulsive interaction
between the solvent (matrix) atoms and the solute, or as an
attractive solute—solute interaction in the interface, which
would both produce the same effects: the segregation of a
given solute “favors” the segregation of the same solute
atoms (either by decreasing the repulsive effect of the
solvent atoms or by increasing the attractive effect of the
solute atoms), thereby increasing the driving force for
segregation. Given the fact that the bulk concentration in
dilute alloys is usually several orders of magnitude lower
than the interfacial concentration, Eq. 5 reduces to:

AG] = AG? — 20(]MXI(P (6)
Such effects have been observed, for example, by Cornen
[1] in high-purity nickel containing 7.2 at. ppm of sulfur:

after a high-temperature heat treatment aiming at
removing segregation, different agings were performed at
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Fig. 2 Symbols: data from [1] (squares: after heating; circles: after
cooling); solid line: Eq. 2 calculated using Eq. 6

temperatures ranging between 650 and 1100 °C, either
after heating from 500 °C or after cooling down from
1100 °C, with durations long enough to reach equilib-
rium. Grain boundary segregation was then measured by
an intergranular etching technique [1]. A strong hysteresis
was obtained between heating and cooling conditions, as
shown on Fig. 2: for instance, at 850 °C, coverage ratios
of 0.90 and 0.02 were obtained after heating and cooling,
respectively.

This behavior can be explained by the “S”-shape taken
by the equilibrium segregation curve in the case of an
interaction, such as expressed in Eq. 6. A good description
of the data gained by Cornen is shown on the curve
of Fig. 2, drawn with AG§J = —82 kI/mol and 2op; =
117 kJ/mol and with, in the case of sulfur in nickel, 0; =
2X{ [9]. For example, on heating from low temperatures up
to 850 °C, sulfur first segregates strongly, due to a high
equilibrium coverage ratio, and then 6; follows the upper
branch of the curve, leading to a high coverage ratio at
850 °C. At the opposite, on cooling from high tempera-
tures down to 850 °C, the coverage ratio follows the lower
branch of the curve, leading to a low coverage ratio at
850 °C. Thus, depending on the thermal history, two
different equilibria can be reached for the same
temperature.

Finite element simulation and results

The modification expressed in Eq. 6, i.e., the dependence
of AGy on X[ has been brought to the already existing FE
model: a scalar expression for the free energy of segrega-
tion has been created in Comsol, as in Eq. 6, which is then
used in Eq. 3 instead of a fixed value for AG; The
numerical resolution of such a system of equations needs,
however, a certain control of the time steps taken by the
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solver, since quite steep variations in the solution can occur
due to the creation of a “circular reference” (the evolution
with time of X{" depends on AGj, which itself depends on
X7): in Comsol, time steps taken by the UMFPACK solver
must be set as “Strict” or “Intermediate,” and not “Free”.
The diffusion coefficient is also entered as a scalar vari-
able, with Doy = 1.4 x 107* m?*/s and Q; = 219 kJ/mol
(as in [1]), to take temperature into account.

Among others, isothermal agings were simulated at
various temperatures, either starting from a non-segregated
state (corresponding to a previous high temperature heat
treatment) or from a highly segregated state (corresponding
to a previous low temperature heat treatment). Results are
in good agreement with the above-mentioned features,
given the fact that the two extrema of the “S”-shape curve
of Fig. 2 are at 804.9 and 898.2 °C:

— When simulating segregation heat treatments at 804 °C
or below (starting from a non-segregated state), the
coverage ratio tends toward a high value (Fig. 3a), with
a first metastable plateau when temperature is close to
the extremum of the “S”-curve (e.g., at 804 °C).

— When simulating segregation heat treatments at 805 °C
or above (starting from a non-segregated state), the
coverage ratio tends toward a low value (Fig. 3a).

— When simulating desegregation heat treatments at
899 °C or above (starting from a highly segregated
state), the coverage ratio tends toward a low value
(Fig. 3b), with a first metastable plateau when temper-
ature is close to the extremum of the “S”-curve (e.g., at
899 °C).

— When simulating desegregation heat treatments at
898 °C or below (starting from a highly segregated
state), the coverage ratio tends toward a high value
(Fig. 3b).
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The model therefore allows to simulate segregation
kinetics in the case of strong solute—solute or solute—sol-
vent interactions.

Segregation site competition
Physical phenomenon and basic equations

In real alloys, several different species can segregate simul-
taneously; this phenomenon is called co-segregation. In the
case where all species occupy the same kind of segregation
sites (e.g., substitutional), they have to compete to segregate
at interfaces, since the total number of segregation sites is
limited. This is the case, for instance, of sulfur and phos-
phorus in iron, nickel and iron—nickel alloys. The equations
describing such a system are rather simple and derive from
Egs. 1 to 3. The latter just need to be modified to take into
account the fact that the total interfacial concentration is the
sum of concentrations for all solutes. For example, for two
solutes I and J, Eq. 1 simply becomes [4, 10]:

N x e,
X — X[y 1-X —X] RT
where i can be either I or J. In this equation X is the
maximum total interfacial atomic fraction of segregants
(maximum possible value for the sum X;” + X7). As in the
situations exposed in previous sections, this equilibrium
condition corresponds to a state where the fluxes at the
interface (as in Eq. 3) are equal to zero. Using the coverage

ratios for segregating species, 0; = the fluxes are here
expressed as:

iCY (@) (AG;:  0:(1 =X (9) — X} (9))
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Fig. 3 Calculated isothermal kinetics of a segregation and b desegregation
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In parallel, two equations such as Eq. 4 (one for I and one
for J), and two bulk diffusion models must also be solved
simultaneously, one for each segregating species.

Finite element simulation and results

In practice, in the software, there is a need to define two
diffusion modes in the bulk and two “weak” modes in the
interface to govern the evolutions of interfacial concen-
trations with time (one of each for each segregating spe-
cies). For the two diffusion modes, defined in a single
geometry, the boundary conditions are the fluxes, expres-
sed as in Eq. 8 and entered separately as “boundary
expressions”. For the two interfacial “weak” modes, the
boundary conditions are expressed as in Eq. 4 (one for each
segregating species).

Results are shown in Fig. 4 for an illustrative example,
in the case of the isothermal surface segregation kinetics of
two species (I and J) at 600 °C, starting from a non-seg-
regated state, and calculated with the following values:
X{ = Xj =20 at. ppm, Oy = Q5 = 200 kJ/mol, Doy = 2 x
1072 m*s, Doy =2 x 107> m%s, AG; = —90 kJ/mol,
AG; = —120 kJ/mol.

As expected from theory, impurity I first segregates
more rapidly than impurity J, since its mobility is two
orders of magnitude higher. However, impurity J is more
stable in the interface than impurity I (due to different AG;
values), and will thus, after a while, segregate preferen-
tially at the interface by replacing progressively impurity I,
the latter being eventually forced to desegregate when the
total coverage ratio approaches one.

Case study: phosphorus and sulfur in a Fe—Ni alloy
In iron, nickel, or iron—nickel alloys, substitutional solutes

like sulfur and phosphorus compete for the same interfacial
segregation sites. In particular, the phenomenon described

1,
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Fig. 4 Example of cosegregation kinetics with a site competition
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in “Finite element simulation and results” have been
observed by Ben Mostefa Daho [11, 12] in an Invar alloy
(Fe-36 wt.% Ni) containing Xp = 55 at. ppm and
Xs = 32 at. ppm. During an isothermal aging at 700 °C,
the evolutions of phosphorus and sulfur superficial segre-
gations were measured in situ by Auger Electron Spec-
troscopy (AES). After conversion of the published raw
AES measurements into coverage ratios (see Appendix 1),
the data presented in Fig. 5 are obtained. At 700 °C, the
mobility of P is higher than that of S, and phosphorus first
segregates faster than sulfur. But sulfur is more stable on
the surface than phosphorus, and it continues to segregate
and progressively forces phosphorus to desegregate.

However, two aspects of the measured kinetics cannot be
correctly explained by a site competition only. Indeed, on
the one hand, phosphorus desegregation starts to occur for a
total coverage ratio (0p + 0g) that is somewhat lower than
unity (~0.8), and on the other hand, phosphorus desegre-
gation is very fast, whereas the desegregation provoked by a
sole site competition is generally a smooth process, as
illustrated on Fig. 4. These features can only be explained
(and simulated) if a repulsive interaction exists [13] between
phosphorus and sulfur: when S starts to segregate, not only it
competes with P for segregation sites, but it also decreases
its driving force for segregation. Phosphorus becomes
therefore less and less stable in the interface as sulfur seg-
regation proceeds. This can be expressed in the model by
introducing a phosphorus—sulfur interaction term, opg, in the
segregation free energies, as [4, 10]:

AGp = AG) — 20psX¢ and AGs = AGy — 20ps X§ 9)

A reasonable fit of the measurements can be obtained
withDp = 9 x 107" m?*/s,Ds = 9 x 1077 m%/s, AG) =
0.8 -

077 Phosphorus

[m]
0.6 o

0 50 100 150
{2 ( S1/2)

Fig. 5 Comparison between calculated (solid lines) and measured
(symbols, data from [11, 12]) cosegregation kinetics of P and S on the
surface of an Invar alloy at 700 °C
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—90 kJ/mol, AGS = —120 kJ/mol and 20pg = —150 kJ/
mol, as shown on Fig. 5.

It should be noted that, as in “Solute—solute or solute—
solvent interaction”, it would have been possible to intro-
duce also a sulfur—sulfur interaction. Qualitatively, this
would have meant that the driving force for sulfur segre-
gation increases as sulfur progressively arrives on the
surface, hence forcing phosphorus to leave faster. This
possibility has been tested but

— Taken alone (i.e., instead of the P-S interaction), it was
not possible to simulate experimental data in a
satisfactory manner.

— Taken in addition to the P-S interaction, on the one
hand, it did not seem to bring any significant improve-
ment over the sole P-S interaction, and on the other
hand, it became extremely difficult to adjust all the
parameters simultaneously to the data.

Interphase segregation
Physical phenomenon and basic equations

In some systems, for instance in polyphased alloys, in thin
films, or in composites like cermets, interfaces exist
between different phases, i.e., between crystals of a dif-
ferent nature. Solute segregation can occur at these inter-
faces (called interphases), which is known as interphase
segregation. In order to deal with such cases, it is first
necessary to consider the equilibrium state of the system:
the solute must be simultaneously in equilibrium with both
phases and the interphase. Rewriting Eq. 1 gives:

X(/’

Leq X[V1 ( AG[I)
7= Ty SXP
—X{, 1-X) RT

Xb AGp

TI1oXp eXp( RT > (10)
where the subscripts 1 and 2 refer to the two phases. This
condition implies that each bulk phase is also in equilibrium
with the other one (if phase 1 is in equilibrium with the
interface, and the latter in equilibrium with phase 2, then
phases 1 and 2 are also in equilibrium with each other). Then,
using Eq. 10, stating that the total solute quantity must
remain constant, and considering that the quantity of solute

in the interphase is negligible compared to those in the bulk
phases (which is often true), one gets

Xleq 0 NiX + NoX3,
1 — 0 - AGy AGp
Leq 1N eXp(RT) +NZCXP( RT)

X‘P

I,max

X0 = XD

I,max

(11)

where N; and N, are the numbers of solvent atoms in bulk
phases 1 and 2. In what follows, for simplicity reasons, only the
particular case where N; = N, will be considered, although the
general case can also be addressed. Eq. 11 reduces to

XI(/,)eq o 01 _ XIVI + X;/Z
Ximax = Xieg 1= 00 exp(G) +exp(F)

(12)

Looking at this equation, and given the fact that Eq. 10 must
be fulfilled simultaneously, it appears that the equilibrium at
a certain temperature is possible with only one set of values
for the concentrations of solute in both bulk phases and in
the interphase. This means that a particular system will
spontaneously evolve toward a state where both bulk solute
concentrations can be different from what they were at the
beginning. These equilibrium conditions will, therefore, be
reached by a progressive transfer of solute atoms through the
interface, by segregation and/or desegregation processes.
Using the above equations and assumptions, the equilibrium
bulk concentrations can be expressed as

y Xip + Xpp

n = 1 _’_exp(_AGnR—TAGu)

Xy + X3

1 + exp<_AG12R—TAG11)

(13)

where X}? and X} are the initial bulk concentrations.

The equilibrium state described by Eq. 10 corresponds
to a stage where the fluxes between both bulk phases and
the interphase, Ji; and Jy, are equal to zero. These fluxes
are expressed in a manner similar to Eq. 3, as

and X}, =

_ DuGC(@) (AG 01(1 — X3 ()
=P () (9
and

v 0 _ [‘g
Jp = Duc(;z(“") (ARGTI2+IH X‘((I(P)()l(_((’;)b (15)

Equations 14 and 15 are implemented in the FE software,
along with two bulk diffusion models and an equation
governing the evolution with time of the interfacial solute
concentration, as in Eq. 4. The latter, nevertheless, takes
into account the fluxes of solute exchanged with both bulk
phases:
dcy
—=—Jn —J 16
a n—Jn (16)
Finite element simulation and results

In practice, in the software there is a need to define two
diffusion modes in the bulk (one for each phase) but only
one “weak” mode in the interface to govern the evolution
of interfacial concentration with time (since there is only
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one segregating species). For the two diffusion modes,
defined in a single geometry, the boundary conditions are
the fluxes, expressed by Eqs. 14 and 15 and entered sep-
arately as “boundary expressions”. For the interfacial
“weak” mode, the boundary condition is expressed by
Eq. 16.

No quantitative and usable data were found in the liter-
ature on interphase segregation (including free energies for
segregation, experimental measurements of segregation
kinetics, etc). To circumvent this lack of actual data, a
“pseudo-virtual” illustrative example is chosen: the case of
sulfur segregation at a silver—nickel interphase, for which
hypothetical values have been considered for calculation.
Another reason to use the Ni-Ag system is that silver and
nickel are almost not miscible, and the interdiffusion
between bulk elements can then be neglected. Arbitrarily,
the free energies for segregation have been taken equal to
the values for grain boundary segregation of sulfur in pure
silver and pure nickel, respectively [14]: AGga, = —63
kJ/mol and AGgn; = —90 kJ/mol. These values are prob-
ably not representative of real ones, but they are only used to
illustrate physical phenomena in a qualitative manner and to
assess the model on theoretical bases. Typical values for the
diffusion coefficients of sulfur in silver and nickel are cho-
sen, respectively, as follows: Dyg s = 3.0 X 107> m%/s
and Qg A, = 152 kJ/mol [15]; Dosni = 1.4 x 107* m%/s
and Qs ni = 219 kJ/mol [1]. Calculations are performed at
900 °C with identical initial concentration of sulfur in Ag
and Ni (100 at. ppm), no initial segregation in the inter-
phase, and domains of 400 um on each side of the inter-
phase. Figure 6 presents the evolution of the coverage ratio
with time. It first increases due to the high mobility of sulfur
in silver (at 900 °C, Ds o, = 5.1 x 107> m*sand D n; =
2.5 x 107"* m?s) and then reaches a plateau mainly due to
the sole driving force for segregation of sulfur in silver.
Then, when the effects of sulfur diffusion in nickel start to be
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Fig. 6 Calculated segregation kinetics at an interphase between two
metals
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significant, the coverage ratio again increases and tends
toward a final equilibrium value of 0.107. Figure 7 presents
the evolution of the bulk sulfur concentration with time,
taken 10 pm away from the interface, in Ni and in Ag. It can
be seen that, after a time long enough so that diffusion has
significant effects in both metals, there is a progressive
transfer of solute through the interphase, leading eventually
to an adjustment of bulk concentrations to equilibrium
values. The computed equilibrium concentrations are
188 at. ppm and 12 at. ppm, in silver and in nickel,
respectively. This is in agreement with equilibrium condi-
tions given by Eqgs. 10-13. Figure 8 shows the solute con-
centration profiles in both phases after various times. Their
evolutions confirm that a first “pseudo-equilibrium” 1is
quickly reached, accompanied by a strong local solute
depletion on the nickel side and by the establishment of a
nearly flat profile on the silver side. It is followed by a
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Fig. 7 Calculated evolutions of S concentration in bulk phases,
10 pm away from the interphase
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Fig. 8 Calculated S concentration profiles in bulk phases, after
various times (10, 10°, 10, 10°, 10° and 10" s)
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progressive transfer of solute across the interphase, the
solute being rapidly “spread” on the silver side where dif-
fusion is fast, whereas the profile on the nickel side pro-
gressively flattens to reach its equilibrium state.

Conclusions and perspectives

To sum up, interfacial segregation kinetics have been
simulated by a FE method, by implementing, on the one
hand, Fick’s laws for bulk diffusion, and on the other hand,
the Darken—-Du Plessis equation at the interface. This
article presents the development of a previously assessed
model, which has been adapted to the case of complex
interfacial phenomena:

(i)  Segregation of a single dilute species with a solute—
solute or solute—solvent interaction; the model is able
to simulate physically meaningful kinetics, which
tend toward published equilibrium data gained on the
Ni-S system.

(ii) Simultaneous segregation of two species with a site
competition in the interface; the model has been
compared to published data in the case of the
superficial cosegregation of P and S on an Invar
alloy, which requires to add a P-S interaction
parameter.

(iii) Segregation of a single species at an interface
between two phases. A “virtual” Ni-Ag-S system
has been simulated, with “arbitrarily” chosen values
of the free energies of segregation.

In all the cases, the model is able to reproduce in a
satisfactory manner the expected physical features of these
segregation phenomena. Future study may include, for
instance, the extension of the model to the case of a
simultaneous bulk and surface/interface diffusion of sol-
utes. This would require working on 2D or 3D models with
complex meshes, instead of the 1D simulations, to be able
to calculate not only diffusion in the bulk, but also diffu-
sion inside the interface. Other prospects may concern the
simulation of the simultaneous segregation of one (or
several) species on two (or more) different interfaces, i.e.,
having different driving forces. Examples could include
simultaneous surface and grain boundary segregation,
or segregation to grain boundaries with different misori-
entations, hence exhibiting different free energies for
segregation.
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Appendix 1: Conversion of the raw AES measurements
published in [11, 12] into surface coverage ratios

The Auger measurements presented in [11, 12] are
expressed in ratios of Auger peak heights (see Fig. 4 of
[12]) measured at 3 kV:

Hs Hp

= andhp=—— 17
1 3Hpe + Hy; ¢ P (17)

hs
1.3Hge + Hnji

where Hs, Hp, Hg. and Hy; the Auger peak heights of
sulfur, phosphorus, iron, and nickel, respectively.
The atomic fraction of sulfur in the surface monolayer
can be expressed as [16] .
S
1 H?
X! = X s 18
S 1_exp(_ a ) Hg. Hy; ( )

1coS 0 0
Acosa HY, HY;

where a is the thickness of the segregated layer, Z is the
mean free path of the sulfur Auger electrons, o is the
emission angle, H(S), H(F)e, and H‘;“ are the Auger sensitivity
factors of sulfur, iron, and nickel respectively. The
following values were chosen for the quantification of
sulfur segregation: a = 0.25 nm [11], 4 = 0.596 [11],
o« = 42.3° (CMA analyzer), HX = 1.289, Hp. = 0.228, and
HY; = 0.255 [17]. Eq. 18 becomes

Hs

X =046 x ——15
s “112Hp + Hy,

(19)

= 0.5 [9], the sulfur coverage ratio

,max

Assuming that Xg
can be expressed as

X2 Hy
fg=—3 =092 x —> 20
STXT *T12Hp + Hy; (20)

Equation 20 can reasonably be simplified as
HS ~ hs (21)

Practically, the sulfur surface coverage ratio was then
simply taken equal to the Auger peak height ratio, kg,
published in [11, 12] according to Eq. 21.

As far as phosphorus segregation is concerned, the fol-
lowing values were chosen: a = 0.25 nm [11], A = 0.5
[16], o =42.3° (CMA analyzer), Hp = 0.468, Hy. =
0.228, and HONi = 0.255 [17]. Furthermore, the value of
X7 for phosphorus was assumed to be the same as

P max
XZ e that for sulfur (X, = XZ, . = 0.5). The fol-
lowing quantification was obtained:
Hp
Op =222 X ————— 22
F 1.12Hr, + Hyi (22)

The phosphorus coverage ratio can then be reasonably
calculated from the hp values published in [11, 12] using
the following equation:

Op ~ 2.22 X hp (23)
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