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The presented paper deals with a numerical simulation of vacancy diffusion of sulphur, tin and phosphorus atoms to the grain
boundary of the structure of copper, type (2D). It was theoretically applied to analysed model alloys of types Cu-S and Cu-Sn,
particularly tin bronzes. Its purpose is to verify the obtained experimental results concerning this phenomenon, making use of
the Auger method of spectroscopy of electrons (AES). Distinct effects of the segregation of sulphur atoms in the monolayer at
the grain boundaries were found as well as an enrichment of the grain boundaries with tin atoms. In addition, the visualization
of the simulation revealed a possible formation of stationary clusters of vacancies and segregating atoms on the analysed matrix
of the atom structure (2D). The simulated effects of the segregation of S and Sn to the grain boundary, analysed as a function of
the number of the cycles of the simulation are characterized by a statistically good repeatability of the results.

Keywords: copper alloys, grain-boundary segregation, diffusion, intercrystalline hot brittleness, mathematical model, numerical
simulation

Pricujoce delo predstavlja numeri¢no simulacijo odsotnosti zrn pri difuziji atomov Zvepla, kositra in fosforja pri strukturi bakra,
tipa 2D. Ta se uporablja za teoreticno analiziranje modelov zlitin tipa Cu-S in Cu-Sn, zlasti kositrnih in bronastih. Namen je, da
bi pridobljene eksperimentalne rezultate preverili z uporabo AES (Augerjeva elektronska spektroskopija). Ugotovili smo
razli¢ne ucinke tvorjenja locevanja atomov zZvepla v monosloje na mejah zrn pa tudi obogatitev zrn z atomi kositra na mejah zrn.
Hkrati pa je vizualizacija simulacije pokazala morebitno nastajanje nepremic¢nih grozdov praznin in lo¢evanja atomov v
analizirani matriki strukture atomov (2D). Simulirani uc¢inek locevanja S in Sn do meje zrn, analizirani v odvisnosti od Stevila
ciklov simulacije kaze na znacilno statisticno dobro ponovljivost rezultatov.

Kljucne besede: bakrene zlitine, lo¢evanje zrnc, difuzija, interkristalna krhkost na vro¢em, matemati¢ni model, numeri¢na

simulacija

1 INTRODUCTION

The segregation of admixed or impurity atoms at the
boundaries of the grains and on free surfaces proceeds in
accordance with two basic mechanisms, viz., equilibrium
segregation (ES)'-* and non-equilibrium segregation
(NES).*® Generally, equilibrium segregation is applied
in the course of a diffusive displacement of substituted or
interstitial atoms to structurally disturbed interphase
surfaces, such as the grain boundaries and free surfaces
or to regions of dislocation and stacking faults, causing
free energy reduction of the elastic lattice misfit. A
reduction of this energy constitutes the driving force of
the process ES. Concentrating their attention on metals
and binary alloys, M. P. Hondros, E. D. Seah' proved
that there is a direct relation between the degree of
segregation and the temperature of the process, which
may be expressed with Equation (1):
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where Cp, denotes the concentration of the segregating
atoms at the grain boundaries, Cy — the concentration of
these same atoms in the undisturbed fragments of the
structure, A and k — constant values (k — Boltzmann con-
stant) and E — the free energy of segregation, i.e, the
reduction of the energy of the segregating atoms in the
place of segregation, e.g., at the grain boundary. Usually
atoms with a considerable free energy of segregation
indicate a much greater differentiation of atomic
radiation and electronic structure then the atoms of the
matrix.’

The quantity of segregation at the grain boundaries,
expressed with Equation (1) disregards, however, the
dependence of segregation on time and, in the first stage
of modelling, this is a considerable shortcoming because
the diffusion of the segregating atoms is an essentials
element of the ES mechanism. D. McLean'® defined this
dependence even more accurately by taking into account
the required accumulation of a monolayer of the
segregating atoms, controlled by the diffusion of the
atoms in the matrix D;. This effect is defined with
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Equation (2), in which diffusion temperature 7" appears
implicitly as a = a(7):

¢, -C, 4Dt
7Cb “C, =]-exp o*d? erfc

where: Cs — concentration of the segregating atoms at
the grain boundaries in the time t; a = Cp/Cy; di —
potential width of the grain boundary.

Equation (2) permits us to assess the kinetics of the
ES phenomenon at the grain boundary and to predict —
rather precisely — the duration and temperature of the
process, for example the temper brittleness of steel due
to the equilibrated segregation of phosphorus.?

In recent years much attention has been paid to the
mechanism NES, particularly with respect to steel and
heat treatment. The theoretical fundamentals concerning
this phenomenon were dealt with by K. T. Aust et al.*
and R. Anthony’, and later by R. G. Faulkner®® focusing
mainly on the developed. The mechanism NES based on
the formation of complexes of point defects in the
structures of the alloys, mainly of the vacancy-atom type
of admixture or impurity, as well as gradients of the con-
centrations of vacancies in the vicinity of the areas of an
intensive elimination of point deffects. Such adsorbents
of vacancies are interphase surfaces or grain boundaries
and also free surfaces. Non-equilibrium segregations
take place in the course of accelerated cooling of the
alloy in the conditions of large temperature differences
if, for instance, the vacancy-atom pairs of impurity
diffuse in the gradients of concentration in the direction
of their decreasing concentration. In such conditions the
equilibrium concentration of the vacancies and
complexes is reduced, and the actual concentration can
take place only in the regions of the sink of vacancies.

This process is illustrated quantitatively with the
diagram on Figure 1. The quantity of NES is charac-
terized by the quotient of concentrations C,/C,, and the
extent of this effect is expressed by the distance x from
the grain boundaries, at which the concentration of im-
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Figure 1: Magnitude and extent of non-equilibrium segregation
Slika 1: Magnituda in obseg neenakomernega lo¢evanja
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purities attains the lowest level. For the purpose of
describing this process quantitatively, it is of essential
importance to determine the changes of the curve of the
distribution of concentration depending on the time, the
temperature and the size of the grains. These parameters
can be easily related to the conditions of the heat
treatment of the investigated alloys.

An alternative for the description of complex effects
in the mechanisms of equilibrium segregation and
non-equilibrium segregation by means of phenomenolo-
gical equations of diffusion is computer aided modelling
of these segregations at the grain boundaries of
polycrystals, on the atomic scale, applying the method of
simulating elementary overshoots of the determined
atoms in stable nodal orientations of the structure type
(2D).""-% In such a case, we move away from the
macroscopic phenomena, described by Fick’s laws, to
the microscopic mechanism of diffusion. However,
frequently repeated simulations of individual jumps of
diffusion permit us to assess the resulting segregations
on the macroscopic scale. In the mathematic model'!
assumed and applied for the computer simulation, the
mutual energy concentration between the point defects
and grain boundaries were utilized at the atomic level in
order to predict the motion of the atoms of impurities,
thus resulting in the segregation. The model simulates, in
a somewhat simplified way, the vacancy mechanism of
the lattice diffusion in metals, particularly the migration
of the admixture atoms of impurities and also the
vacancies to the grain boundaries, based on an analysis
of the effects of the energy in the environment on the res-
pective elements of the lattice, distributed stochastically
in the matrix.">-'® An advantage of this way of modelling
is the possibility of simulating complex effects of the
processes ES and NES without having to apply equations
of the rate of diffusion.

The aim of the investigations was, therefore, to
simulate numerically the phenomenon of intercrystalline
segregation of the components of alloys and impurities in
some selected alloys of copper, particularly tin bronzes,
in order to verify the obtained experimental results con-
cerning this phenomenon, making use of the Auger
method of spectroscopy of electrons (AES).

2 EXPERIMENTAL PART

2.1 Materials and methods

Experimental investigations were carried out on tin
bronzes of the type CuSn6P, resulting from industrial
smelting in the firm Trefimetaux (in France), in the form
of bars with a diameter of 10 mm, smelted continuously
(process Wertli) and with the chemical composition
quoted in Table 1. Comparative investigations concern-
ing intercrystalline segregation, based on models of
high-purity bronzes and bronzes modified with micro-
additions of rare-earth elements were dealt with
earlier.!713

Materiali in tehnologije / Materials and technology 51 (2017) 3, 363-372
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Table 1: Chemical composition of the investigated alloy
Tabela 1: Kemijska sestava preiskovane zlitine

Chemical composition, in mass fractions (w/%)
Lp. Material Impurities
Sn PG 8 T pb [ sb| As | S | Fe | zn | Ni 0,
1 [Industrial bronze| CuSn6P | 6.70 | 0.42 | 92.1 [0.0100]0.0800]0.0100]0.0250]0.0026|0.0180| 0.046 | 0.030 -
2 Model bronze |CuSn6PM| 6.70 | 0.33 | bal. [0.0010]/0.0040]/0.0002]0.0003/0.0020/0.0060| 0.010 | 0.002 |0.0012

Spectrometric investigations were carried out apply-
ing the Auger electron spectroscopy technique including
the double ionized process of Auger electron emission,
using, for this purpose, a spectroscope of the type Riber
ASC 2000 (France). Essentially, the Auger emission
process requires the excitation of a surface sample with a
primary electron beam of 1-10 keV and the detection of
the characteristic Auger electrons with peaks well
defined in the derivative of the secondary electron energy
spectrum. These peaks are specific for the elements,
from which the Auger electrons escape. The first process
is X-ray fluorescence and the second one is Auger
emission. Obviously, none of them can take place at the
same initial core hole: thus, they compete. Furthermore,
because Auger electrons arrive from depths of about
several atom distances, from the point of view of vertical
resolution, the technique appears to be an interesting
surface analytical tool.

The applied spectrometer was equipped with a cylin-
drical electrostatic analyser of the energy of the emitted
electrons of the type Mac-2 and a scanning electron
microscope (SEM) with a spectrometer EDS as well as
an electron gun with a high vacuum system, recording
the results and controlling the complexity of the entire
experiment. An Auger analysis of the energy of electrons
was carried out on the surfaces of an intercrystalline
fracture of the samples selected at random immediately
after having been fractured in the chamber of the
spectrometer. Samples with a strain rate of about 10 s-!
were statically stretched in the temperature range of
minimum plasticity (DMT - ductility minimum tempe-
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Figure 2: Diagram showing the interaction of lattice defects and
possible directions of diffusion jumps simulated with the computer
model in a (2D) structure

Slika 2: Diagram inmterakcije napak v mreZi in mozne smeri difuzij-
skih skokov, simuliranih z ra¢unalniSkim modelom v 2D-strukturi
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rature), applying a tensile testing instrument specially
designed for the study of fracture surfaces, equipped
with a device for resistance heating of the strained
samples. Some selected samples were also ionically
etched in order to determine the gradient of the chemical
composition of the monolayer in the function of the
depth of etching from the boundary of the grain.

In order to simulate the process of diffusion of point
defects to the grain boundary in the lattice (2D), the
mathematical model suggested by Chapman and
Faulkner!" was applied. In this model, the effect of
energy was utilized at the level of an atom between the
vacancies, the atoms of admixtures or impurities solved
in the matrix and the grain boundaries in order to predict
the motion of the atoms and the resulting way of
segregation. In this model, the atom was assumed to be
spherical and the surrounding crystalline lattice elastic,
maintaining a constant volume. The interactions of the
point effects provide energy driving forces, required to
keep up the migration of the segregating atoms to the
grain boundaries, and also to create complexes of de-
fects, e.g., divacancies (VmVM) or complexes of the
vacancy type (Vu) — the admixture atom (Fy), the
so-called pair VuFy, Figure 2.

The applied model assumes a two-dimensional (2D)
simulation of the migration of admixture atoms and
impurities in the plane (100) of a six-walled lattice with
dimensions (n x n) of the atoms, the grain boundary

Grain boundary

Figure 3: Two-dimensional lattice plane (2D) and grain boundary
simulated with the computer model

Slika 3: Dvodimenzionalna mreZa 2D in zrna, simulirana z racunal-
niskim modelom
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being situated in the centre of the plan, Figure 3. The
grain boundary concentrates the atoms of impurities and
the vacancies, which are annihilated after they have
reached them. The point defects are initially distributed
in the plane at random with given concentrations of the
atoms. The mechanisms of segregation, desegregation
and the formation of complexes are simulated based on a
dynamic assessment of individual probabilities of a
diffusive jump. These probabilities are multiplied by the
factor of acceleration W, in order to shorten the time of
numerical calculations. Every cycle of the programme is
modelled using W, 1013 s for the duration of the actual
diffusion. Details concerning the model applied to
simulate the process of diffusion had been presented in
an earlier paper.'

3 ANALYSIS OF THE RESULTS

3.1 Results of microfractographic investigations and
Auger spectrometric analysis

Industrial tin bronzes of the type CuSn6P, plastically
deformed in the range of DMT, display an intercrys-
talline brittle fracture on microfractographs, Figure 4.
Intercrystalline cracking, detected on the surfaces of
crystalline grains at the boundaries, often run across the
pores and defects characteristic for smelted structures.
On intercrystalline surfaces, there are often distinct
traces of plastic deformation and cavitation, Figures 4c
and 4d.

A spectrometric analysis in situ of the fractures of the
investigated samples, fractured in the conditions of a
high vacuum (UHV) permitted us to reveal the segrega-
tion of the admixture atoms and impurities at the grain
boundaries, affecting essentially the process of
intercrystalline cracking of the investigated tin bronzes.
The results of the tests of tin bronze using the AES
method and scanning electron microfractography are
presented in Figures 5 and 6.

Auger emission spectrum recorded on the inter-
crystalline surfaces of bronze CuSn6P after its fracture in
the range of DMT (about 300-600 °C) indicates, besides
reference lines (Cu), also distinct lines of tin and sulphur
as well as a double line of phosphorus, Figure 5a. The
atypical shape of the P spectrum of the energy of
electrons of the order of 117-120 eV probably results
from the specific atomic bond Cu-P. The occurrence of a
doublet of this type was proved experimentally in the
spectrum of the CusP phase.!” It was found that both the
number of the analysed spectral lines and their intensity
depend essentially on the temperature of deformation.?
It was also found that the tested walls of the fracture are
distinctly enriched with Sn, S and P. Ionic etching (Ar*)
of the intercrystalline fractures of the CuSn6P bronze
after the stretching in the range of DMT revealed that the
S concentration obviously decreases in the course of
etching to about 90 min, whereas the concentration of Sn
decreases only inconsiderably and the concentration of P
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Figure 4: Fractography a) and intercrystalline fissures (b—d) of
industrial bronze CuSn6P in the LR state after tensile tests at a strain
rate of 107 57! and temperature of 400 °C: a) intergranular fracture, b)
intercrystalline fissure, c) magnification of b), d) intercrystalline
cavitations at the top of the fracture

Slika 4: a) Analiza povrSine zloma in (b—d) industrijskega brona
CuSn6P in LR po nateznih preizkusih pri stopnji obremenitve 107> s~!
in tempreturi 400 °C: a) interkristalni zlom, b) interkristalna razpoka,
¢) povecava, d) interkristalne razpoke na vrhu zloma

a) Industrial alloy CuSn6P c) | Modelalloy CuSn6P(M)
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Figure 5: a) Auger spectrum of the intercrystalline fracture surface of
industrial bronze CuSn6P and c¢) model bronze CuSn6P(M) after ten-
sile tests at a) 300°C and c¢) 480°C

Slika S5: a) Augerjev spekter interkristalne povrSine zloma pri indu-
strijskem bronu CuSn6P in b) modelu brona CuSn6P(M) po nateznih
preizkusih pri a) 300 °C in ¢) 480 °C

Materiali in tehnologije / Materials and technology 51 (2017) 3, 363-372
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Figure 6: Fractography of industrial bronze CuSn6P analysed with the
AES method after tensile tests at the temperature of 300 °C: a)
intergranular brittle fracture, b) intergranular fracture with traces of
plastic deformations of the surface

Slika 6: Analiza povrSine zloma pri industrijskem bronu CuSn6P,
analiziranem z AES metodo po nateznih preizkusih pri temperaturi
300 °C: a) interkristalni krhki lom, b) interkristalni lom s sledovi
plasti¢nih deformacij povrSine

practically does not decrease at all, Figure 7. The
observed changes in the concentration of the components
of the alloys (Sn, P) and S in the function of the time of
etching prove the occurrence of the segregation of the
atoms of these elements at the grain boundaries, proba-
bly clustered in monolayers or in the nanometric external
layer.

3.2 Results of numerical simulations of the intercry-
stalline segregation

Numerical simulations of diffusive segregations of
admixture atoms and impurities at the grain boundaries
of the investigated tin bronze was previously tested with
the investigations of the probability of a migration of
point defects in (2D) structures. The repeatability of the
observed changes in the concentration of the diffusing
atoms in the function of the time of simulation was
analysed, taking into account the a priori assumed ran-
domness of the process of the model of atomic diffw
sion.”! Besides, the operation of this programme was also
tested in the case of the model alloys including a Fe-0.75 %
amount fraction of B and a Cu-0.75 % amount fraction
of Bi."”

The simulations of the process of the migration of the
atoms of sulphur and vacancies to the grain boundary of
the model alloy including a Cu-0.75 % amount fraction
of S were performed for the analytically calculated
values of the energy of bonding and migration, Table 2,
and the assumed parameters of the simulation, the
temperature of diffusion of 1000 K, the dimensions of
the analysed atomic plane of the grains of 100 x 100
atoms, the coefficient of acceleration W, = 10°¢ as well as
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Figure 7: Selective Auger spectrum of tin atoms from the intergra-
nular fracture of bronze CuSn6P after tensile tests at 300 °C: a) before
etching, ¢) after ion-bombardment etching with Ar*, b) concentration
profile of Sn and P and d) as a function of the time of ion etching
Slika 7: Selektivni Augerjev spekter atomov kositra iz imnterkristal-
nega zloma brona CuSn6P po nateznih preizkusih pri 300 °C a) pred
jedkanjem, ¢) po ionskem jedkanju z Ar*, b) profil koncentracije Sn in
P in d) kot funkcija ¢asa jedkanja

Table 2: Energy of migration and bonding of the lattice defects calculated for the model alloy Cu-0.75 % amount fraction of S
Tabela 2: Energija migracij in povezave mreznih napak, izratunane za model zlitine Cu-0.75 % atomskih delezev S

Kind of lattice defect
Kind of energy Vacancy (v) Divacancy (vv) Impuriﬁy atom | Complex biatomic | Complex vacancy
(1) impurity (i) impurity (vi)
Forming energy E; (eV) 1.49 2.87 1.54 3.03 2.59
Migration energy E,, (eV) 1.49 - 1.54 - -
Kind of defect . Energy of bonding E, (eV) .
Vacancy Impurity atom Grain boundary

Vacancy 0.14 0.34*  0.44 1.49
Impurity atom 0.34*  0.44 0.1*  0.04 0.2% 0.18
Grain boundary 1.49 0.2*  0.18 -

* alternative values adopted to program the simulation

Materiali in tehnologije / Materials and technology 51 (2017) 3, 363-372
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Figure 8: Dependence of the sulphur concentration and number of
vacancies on the number of diffusion-simulation cycles concerning the
model alloy Cu-0.75 % amount fraction of S and 7'= 1000 K

Slika 8: Odvisnost koncentracije Zvepla in Stevila zasedenosti pri
difuzija-simulacija ciklih za model zlitine Cu-0.75 % atomskih dele-
zev Sin T = 1000 K
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Figure 9: Distribution of sulphur and vacancy concentrations as a
function of the distance from the grain boundary concerning the model
alloy Cu-0.75 % amount fraction of S and 7 = 1000 K after a
simulation of 10? cycles

Slika 9: Porazdelitev Zvepla in koncentracija zasedenosti kot funkcija
razdalje od mej zrn, model Cu-0.75 % atomskih deleZev S in 7'= 1000
K po simulaciji 103 ciklov
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the volumetric concentration of sulphur and the vacancy
in the matrix of the alloy at the level of a 0.75 % amount
fraction in the range of up to 100 thousands of iterative
cycles.

The results of the simulations are gathered in
diagrams on Figures 8-13. The analysed mean values of
the concentration of sulphur and the number of vacancies
in the matrix as a function of the number of cycles of
simulations concerning the results of five simulations
indicate an intensive increase in the concentration of
sulphur in the zone of the grain boundary to about 20 %
and in the case of about 2-10* cycles with a simulta-
neously distinctly decreased number of free vacancies in
the matrix of the alloy, Figure 8.

After the subsequent cycles of iterations (about 10°)
the concentration of sulphur grows to about 25-30 %
amount fractions and stabilizes at this level, forming
clusters of vacancies and the atoms of sulphur in the

w
3

c(s)

Sulphur concentration C(S) [%at]
3 > 3 R

@

20 25 30 35 40 45 50

Distance from grain boundary (d)

J

0 5 10 15

2 cv)

Vacancy concentration C(V) [%at.]

5 /\/W/f\/\_\/\

. /\/’\

0 5 10 15 20 25 30 35 40 15 50
Distance from grain boundary (d)

o 10 20 30 40 50 60 70 80 90 100
o
<
ol & &
o
20
% <Vacancy
. «Sulphur
40 =
50 LN e 2 ¥ LA i -
Grain
60 w boundary
70
80 @ &
90 .
® = ]
100

Figure 10: Distribution of sulphur and vacancy concentrations as a
function of the distance from the grain boundary concerning the model
alloy Cu-0.75 % amount fraction of S and 7 = 1000 K after a
simulation of 10° cycles

Slika 10: Porazdelitev Zvepla in podrocja koncentracij pri funkeciji
razdalje od mej zrn, model Cu-0.75 % atomskih delezev S in 7 = 1000
K po simulaciji 10° ciklov
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areas distant from the grain boundary. Such a formation
of the C(S) and C(V) concentrations proves the essential
role of vacancies in the migration of sulphur atoms
towards the grain boundary. The number of vacancies
characterizes the amount of their flux in the direction of
the grain boundary and the potential connection with the
migration of the atoms of sulphur in this direction. The
analysis of the kinetics of this process of migration of
sulphur to the grain boundary proves that already after
about 103 cycles of the simulation the concentration of
sulphur in the monolayer at the grain boundary attains a
value of 5 % amount fraction, Figure 9, and after 10°
cycles — about 25 % amount fraction, Figure 10, accom-
panying the entire annihilation of the vacancies in this
zone.

An increased concentration of vacancies to about
5-10 % is also observed in the areas of the matrix distant
from the grain boundary by about 30-40 d, which
indicates a nucleation of clusters of vacancies with the
atoms of sulphur. These clusters may affect the atoms of
impurities and free vacancies distributed stochastically in
the matrix as additional sinks of defects. Thus, the size
and distribution of stable clusters of point defects in the
lattice may influence the extent of the resulting segre-
gation of the atoms of sulphur on the grain boundary.

The assumed model simulating the diffusion of
vacancies of point defects in the (2D) structure was also
applied in the analysis of the influence of some
parameters of simulation on the attained concentration of
the atoms of sulphur at the grain boundary of the model
alloy Cu-0.75 % amount fraction of S, Figures 11-13.
Among others, it was found that the simulated concen-
tration of sulphur at the grain boundary increases slightly
with a decrease in the initial concentration of vacancies
in the matrix of the alloy, Figure 11. The maximum
index of the enrichment of the grain boundary with the
atoms of sulphur amounts to about 60 concerning the
initial concentration of vacancies of the order of 0.1 %
amount fraction and the real time of migration of the
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Figure 11: Dependence of the sulphur enrichment ratio at the grain
boundary on the initial vacancy concentration in the case of model
alloy Cu-0.75 % amount fraction of S and 7'= 1000 K

Slika 11: Odvisnost razmerja zveplove bogatitve na mejah zrn na
zacetni koncentraciji v primeru modela zlitine Cu-0,75 % atomskih
delezev S in temperaturi 1000 K
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Figure 12: Effect of the size of the atomic plane on the relation
between the sulphur concentration and number of vacancies on the
number of diffusion-simulation cycles concerning the model alloy
Cu-0.75 % amount fraction of S and 7'= 1000 K

Slika 12: uc¢inek velikosti ravnine atomov na relaciji med koncentra-
cijo zZvepla in Stevilom vrzeli na Stevilo difuzijsko simulacijskih ciklov

pri modelu zlitine Cu-0,75 % atomskega deleza S in temperaturi
1000 K

atoms is about 10 ms. An increase of the analysed matrix
to dimensions of 200 x 200 atoms, Figure 12, involves a
proportional decrease of the atomic concentration of the
atoms of sulphur in the function of the number of cycles,
but without any essential qualitative changes in the
analysed relation. The number of vacancies changes in a
similar way. An evident effect on the simulation is
exerted by the temperature of the process of diffusion,
Figure 13. A drop in the temperature of diffusion by
about 100 K results in a nearly twofold decrease in the
concentration of the atoms of sulphur at the grain
boundary and an inconsiderable change in the number of
free vacancies in the matrix of the alloy in the investi-
gated range of iterations.

Simulation of the vacancy diffusion of the atoms of
tin to the grain boundary in the analysed model bronze
Cu-3 % amount fraction of Sn, Table 3, showed that for
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Figure 13: Effect of the diffusion temperature on the relation between
the sulphur concentration and number of vacancies on the number of
diffusion-simulation cycles concerning the model alloy Cu-0.75 %
amount fraction of S and the matrix of 100 x 100 atoms

Slika 13: Ucinek difuzije temperature na relacijo med Zveplovo kon-
centracijo in Stevilom vrzeli difuzijsko stimulacijskih ciklov pri mode-
lu zlitine Cu-0,75 % atomskih deleZev S in matriki 100 x 100 atomov
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Table 3: Energy of migration and bonding of the lattice defects calculated for the model alloy Cu-3 % amount fraction of Sn
Tabela 3: Energija migracij in povezovanja mreznih pomanjkljivosti za model Cu-3 % atomskih delezev Sn

Kind of the lattice defect
Kind of energy " n .. | Complex biatomic | Complex vacancy-
Vacancy (v) Divacancy (vv) | Impurity atom (i) impurity (ii) impurity (vi)

Forming energy E; (eV) 1.49 2.87 1.65 3.23 4.27
Migration energy E,, (eV) 1.49 - 1.65 - -

Kind of defect : Energy of bonding E, (eV) :

Vacancy Impurity atom Grain boundary
Vacancy 0.14 1.04*%  1.13 1.49
Impurity atom 1.04*  1.13 0.22*  0.07 0.3* 0.28
Grain boundary 1.49 0.3*% 0.28 -

* alternative values adopted to program the simulation

the calculated values of the energy of the effect of point
defects the concentration of the atoms of tin at the grain
boundary of a (2D) structure increases only slightly with
the growing number of iterated cycles, whereas the
number of free vacancies in the matrix practically does
not change at all, Figure 14. After about 10° iterated
cycles, we can merely observe the effect of the grain
boundary as the sink of vacancies without any visible
change in the concentration of the atoms of tin in the
zone adjacent to the boundary.

A detailed analysis of the changes in the concen-
tration of C(Sn) and C(V) in the function of the distance
from the grain boundary permits us to state that, in this
stage of simulating the diffusion, we can observe a
distinct formation of potential areas of clusters of tin
atoms and vacancies. An insignificant enrichment of tin
at the grain boundary (about 7 % amount fraction) and
an evident localisation of the cluster of (SnyVym) were,
however, seen after about 10° cycles of the simulation,
Figure 15.

Computer-aided simulations of lattice diffusion,
accomplished on the basis of the newly developed soft-
ware DYFUZJA, confirmed the possibility of segrega-
tions of atoms of S and Sn generated at the grain
boundary of the model structure (2D) of the analysed

Tin concentration C(Sn) [%at.]
Number of vacancies N(V)

0 55

5000 15000 25000 35000 45000 60000 80000 100000

Number of cycles

Figure 14: Dependence of the tin concentration and number of
vacancies on the number of diffusion-simulation cycles concerning the
model bronze Cu-3 % amount fraction of Sn and 7' = 1000 K

Slika 14: Odvisnost koncentracije kositra in Stevilo vrzeli glede na
Stevilo difuzijskih simulacijskih ciklov glede na model brona Cu-3 %
atomskih delezev Sn in 7'= 1000 K
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alloys of copper composed of Cu-0.75 % amount frac-
tion of S, Figures 8-13, and Cu-3 % amount fraction of
Sn, Figures 14 and 15. The obtained results coincide,
more or less, with the AES experimental results.
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Figure 15: Distribution of tin and vacancy concentrations as a

function of the distance from the grain boundary concerning the model
bronze Cu-3 % amount fraction of Sn and 7' = 1000 K after a simu-
lation of 105 cycles

Slika 15: RazprSenost kositra in koncentracije vrzeli kot funkcije
razdalj od mej zrn glede na model brona Cu-3 % atomskih delezev Sn
in 7= 1000 K po simulaciji 150 ciklov
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An important problem concerning the attainment of
reliable results of a computer-aided simulation of the
migration of admixture atoms or impurities to the grain
boundary of a (2D) structure is, besides the correctness
of the assumed mathematical model, the application of
adequate data to the simulative calculations, mainly the
physical quantities describing the elements of the com-
puter model and the simulated process. These quantities
are usually not available in the literature. The model
must take into account the energy of bonding of the point
defects with each other (E:'d’), e.g, E),E), E; as well
as the energy that bonds them with the grain boundary (
E!"), e.g., E, E)” where dy, d> ... denote the numbers
expressing the kind of point defects (vacancies, alloy
atoms or impurities) and also the respective energy of
migration (E;"), Tables 4.2-4.5. The methods for

determining the energy of bonding E,", E, or E," differ
considerably from each other, and the obtained results
indicate a large scattering of these values!!. In spite of
the fact that the methods of calculations take into
account both the elements of the theory of elasticity and
the electron factors, as well as the valencies of the
formed pairs of distances and the values of their
inter-atomic potentials of the Morse type, the degree of
accuracy of these methods is still uncertain.

4 CONCLUSION

The results of the performed experimental investiga-
tions and the numerical analysis concerning the pro-
cesses of diffusive intercrystalline segregations in tin
bronzes lead to the formulation of the following conclu-
sions:

The Auger spectrometric analysis of the intercry-
stalline fractures in single-phase tin bronze of the
CuSn6P type, stretched in the DMT range, carried out in
situ, indicates a segregation of the atoms of S and Sn
with various intensities depending mainly on the tempe-
rature of deformation.

Computer simulations of the process of lattice
vacancy diffusion confirm the variated possibility of the
segregation of the atoms of sulphur and tin generated at
the grain boundary in the two-dimensional model
structure of the theoretically analysed copper alloys with
the following composition: Cu-0.75 % amount fraction
of S and Cu-3 % amount fraction of Sn. The effect of the
segregations in the atomic nanolayer at the grain
boundary in the Cu-S system and a merely slight effect
of enrichment of this atomic layer of Sn are quite evident
in the case of the Cu-Sn composition.

The newly developed programme of computer-aided
simulation DYFUZJA, in the actual version, permits us
to simulate and visualize the atomic diffusion to the
grain boundary of a modelled (2D) structure, taking into
account the maximum of four different admixture ele-
ments or impurities in the function of the concentration
of the investigated elements and vacancies in the matrix
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of the alloy: the temperature of diffusion, the prelimina-
rily calculated values of the energy of the effects of
lattice defects, the size of the atomic plane and the value
of the coefficient of acceleration.

The simulated effects of the segregation of atoms to
the grain boundary, analysed as a function of the number
of the cycles of the simulation are characterized by a
statistically good repeatability of the results.
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