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Abstract

Molecular dynamics (MD) computer simulations with empirical potentials are applied to model the structure of sodium
silicate glasses and the mobility of metallic particles enclosed. The particles are assumed to be generated by the Na—Ag
ion-exchange, reducing the Ag ions and subsequent annealing. The theoretical investigations consider the modification of the
glass structure owing to the ion exchange as well as the migration and clustering of the silver particles. Moreover, from the
study of the migration processes we refine the empirical potentials applied to MD simulations and subsequent high
resolution electron microscope (HREM) image calculations. © 1997 Elsevier Science B.V.

PACS: 61.16; 61.43; 61.46

1. Introduction

The physical properties of glasses are affected by
the formation of metallic inclusions. Nanometer-sized
crystalline Ag particles in alkali silicate glasses cause
coloration, change the polarization and affect the
mechanical properties of the glass depending, for
example, on size and shape, distributions of the
particles and their distribution in a glass. The parti-
cles can be generated by a sodium-silver ion ex-
change, thermally activated migration and subse-
quent annealing. The experiments are based on com-
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mercial glass consisting of 72% SiO,, 13.8% Na,0,
6.5% Ca0, 6.0% MgO, and some other constituents,
for example, 0.13% Fe,0,, which is important for
the reduction of the Ag ions. Such glasses are ion
exchanged in a NaNO,/AgNO, liquid at 400°C.
Subsequent annealing at temperatures between 460
and 600°C creates Ag particles < 120 nm in size [1].

X-ray and neutron diffraction as well as EXAFS
has been used to investigate the average structure of
an ion-exchanged glass, i.e. the pair distribution
(PDF) and the coordination numbers [2,3]. In addi-
tion, high resolution electron microscope investiga-
tions (HREM) provide local structural information at
the atomic level, which indicate that the local glass
structure alters the particle properties. In particular,
HREM experiments show that, with decreasing parti-
cle diameter, the lattice parameters of the particles
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decrease more strongly than expected for free parti-
cles [4].

This effect was recently proved by generating
structural models of scdium silicate glasses and em-
bedded silver particles applying molecular dynamics
(MD) and molecular statics calculations [5,6]. Fur-
thermore, a possibility was discussed of using HREM
to visualize the structural modifications produced by
relaxations on the basis of simulated HREM micro-
graphs [7].

The described process of particle generation start-
ing with an ion exchange in glass is complex and
time-consuming so that MD simulations of the entire
process seem to be inappropriate. Thus, the process
is divided into subprocesses with a short time scale
which then can be modelled by MD, i.e. first, the
diffusion and the starting agglomeration of Ag within
an ion-exchanged silicate glass, second, the growth
and affects of extended Ag clusters on the glass. The
complexity of the system, that means the large num-
ber of components, implies a problem somewhat
more difficult. Therefore in a first step the problem
is reduced to a sodium-silver ion exchange within a
simple sodium di- or trisilicate glass. However, for
this system problems arise in describing the particle
interactions. For silicate, sodium silicate glasses as
well as metallic structures there exist well-proven
empirical and semi-empirical potentials [8—17]. The
embedding of Ag within glass, however, has not yet
been presented by MD, to our knowledge.

Because of the large number of degrees of free-
dom which arise from the empirical description of an
interaction, in this paper the potentials and the pa-
rameters for the silver/glass interactions are varied
to enable one to modify the glass structure as well as
the Ag clustering process. The data determined from
these variational procedures, which seem to fit known
experimental measurements, are expected to describe
the interaction appropriately. The aim of this paper
and of a forthcoming one, which will describe the
diffusion process in more detail, is to find the quanti-
fied potential most suitable for these interactions. At
this stage, it is still not known whether the
sodium /silver ion exchange, the diffusion of ions
and atoms and the process of forming the agglomera-
tion of the silver modify the glass matrix. The mobil-
ity of silver as well as the formation of silver clusters
should also be included in the modeling.

2. Computational procedure
2.1. Molecular dynamics simulations

For a study of multi-component structures and
their long-time dynamical behaviour the classical
MD with empirical and semiempirical potentials is
employed. The MD simulation starts with an energet-
ically favourable structural model, for instance: with
crystalline structures {e.g. a-Na,Si,Oq) for disili-
cates and with suitable stoichiometric modifications
for trisilicates [8] and a Boltzmann distribution of
particle velocities at an initial temperature. The nu-
merical integration of the equations of motion deter-
mines the dynamics of the system.

The MD calculations were carried out with con-
stant particle numbers, N, and a constant volume
under periodic boundary conditions in all directions.
The classical 3N Newtonian equations of motion
were integrated with an integration step of 1 fs using
the Nordsieck—Gear algorithm [18]. To control the
system temperature the particle velocities were
rescaled after 100 to 500 time steps. The MD simula-
tions were made on extended structures using about
12000 atoms, regularly updating neighbour lists and
using a linked cell algorithm [19]. In addition, the
program code was vectorized, which, however, only
slightly increased the speed of the calculation.

The description of all system properties would
require the application of first principle quantum
mechanics, which, however, is time consuming and
limited to about 100 atoms. Approximations derived
from quantum mechanics, as, for example, tight
binding or, at least, order-N methods imply fewer
computational efforts than the direct first principle
methods, but, at present they are applicable solely to
two or three componential covalent structures. The
empirical potentials applied here and enhanced by
additional fit to diffusion properties will later on be
refined by tight-binding approximaticns.

For describing a silicate glass structure or a pure
metal, well established and proved interaction poten-
tials are available [9-16]. However, for the silver
glass interaction there are no reliable potentials and
potential parameters so that several respective empir-
ical potentials were tested with their parameters fit-
ted to describe structural modifications of the ion-ex-
changed glass and the mobility of the enclosed silver
particles.
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The study is based on a well-known empirical
SiO, potential which combines the modified Born—
Mayer—Huggins (BMH) potential for ionic interac-
tions with a weak three-body interaction term [14].
The two-body BMH interaction given by

Z,Z, r;
Uij=A,.je'*u/"w+—Jerfc(—J) (1)

TEGT B
(r: separation between atoms { and j; Z: formal
ionic charge; A, p and [B: parameters of strength,
asymptotics and screening, respectively, to fit energy
and minimum distances) consists of a short-range
repulsion and a screened Coulomb term. In recent
simulations this method, described in Ref. [15], was
successfully applied to (see, for example, Refs.
[9,16,20]) vitreous silica, silica—alumina interfaces
and sodium silicate glasses. The three-body term is
similar to that initially developed by Stillinger and
Weber for silicon [14].

The Ag-Ag interaction is represented by a suit-
ably fitted Lennard-Jones (LJ) potential (similar to
Ref. [21]) or an embedded atomic method (EAM,
[13]) potential, which, unlike LJ, allows a description
of the surface and bulk properties of a metal. The
silver was included in the silicate glass structure by
applying either the 12-6-Lennard-Jones (LJ) poten-
tial to the Ag—-0O, Ag—Si and Ag—Na interactions, or
applying a modified Born-Mayer—Huggins (BMH)
potential, The pure two-body LI-potential is given by

12 6
U, =ae, || 2] - |2 (11)
1y i rij rij ’

where ¢;; is the bonding strength between atoms i
and j, o, is the atomic interaction radius and r;; is
the separation between particles i and j. For the
parameters see Table 1.

2.2. Calculations

The systems were simulated for 100 ps, applying
a temperature regime as following (cf. Fig. 4, upper
part). Starting at a constant temperature of 300 K,
the temperature was increased in 4 ps to the anneal-
ing temperature at which it was kept constant over
22 ps. Afterwards, in 17 ps the system was cooled to
the starting temperature before the annealing cycle
was repeated.

The pair distribution function (PDF) was calcu-
lated at constant temperatures. The calculations,

Table 1
Standard parameter sets of potentials used: Lennard-Jones (LI),

Born—Mayer Huggins (BMH) and embedded atomic modification
(EAM)

Ag-Ag Ag-O0  Ag-Si Ag-Na
LI e(eV) 03446 0.1723  0.1498  0.03745
o (nm)  0.254 0.188  0.1917 0218
BMH A(eV) - 1128.7  1560.0  3530.0
B (hm) - 0234 0230 0230
p(am) - 0.029  0.029  0.029
EAM Ref. [12] - - -

mostly based on a sodium trisilicate glass of 1536
atoms, were carried out for either a small (1.69
g/cm’) or a large glass density (2.41 g/cm?) ac-
cording to a high and a low temperature limit, re-
spectively, or for a density varying with temperature
(quadratic fit [22]). The sodium /silver ion exchange
in the relaxed model was performed at 0 K by
randomly replacing 30% (in some cases 40 to 60%)
of the sodium atoms by silver. This model approxi-
mately represents the experimental situation after the
ion exchange and a diffusion of the Ag™ ions which
yields an approximately uniform distribution of Ag*
within the glass matrix. Unlike experiments where,
depending on the number of reducing agents avail-
able, part of Ag® is reduced to Ag, in the MD
simulations it is assumed that all the Ag™ will be
reduced. Hence, the simulations start with Ag atoms
in glass, the tendency of which to form clusters
should be investigated here. The various Ag-
glass /Ag—Ag interactions were used to investigate
the effects of the silver atoms on the glass structure
as well as clustering of the silver atoms. A selection
of MD annealing simulations is given in Table 2.
The MD simulations without additional comments
are carried out using the standard parameter set, i.e.
a small glass density and a maximum annealing
temperature of T, .. = 2500 K. The standard assump-
tions are given in Table 1.

3. Results
3.1. Structure: pair distributions

To investigate the structure of the glass model,
different PDFs are calculated by evaluating the tra-
jectories at 100 K. This procedure enables us to
compare the sodium silicate glass to the ion-ex-
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changed one, thereby revealing the next neighbour
distances as well as the coordination numbers. For
comparison with experiments [2,3], the total PDF of
the ion-exchanged sodium trisilicate glass structure
of simulation 044 (see Table 2) is presented in Fig.
1. The peaks of the total PDF can be analyzed
directly using the more detailed structural informa-
tion gained from the partial pair distribution func-
tions: Fig. 2 reveals the basic glass structure and Fig,
3, the silver environment.

With Figs. 1-3 the results of PDF analyses of all
MD simulations can be summarized as follows.

(1) The silicate glass is dominated by the first
Si—O peak at 0.161 nm, the O-O one at 0.26] nm
and the Si-Si one at 0.317 nm.

(2) Si has a fourfold oxygen coordination (3.33
bridging and 0.67 non-bridging oxygen). Every SiO,
tetrahedron is surrounded by ~ 3.5 other tetrahedra.
The network modifying Na is coordinated by 3 to 5
oxygens (Na~O peak at 0.24-0.25 nm) and 2 to 4
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Na (Na—Na peak at ~ 0.35 nm). The structure of the
enclosed Ag is clearly indicated by the Ag-Ag and
the Ag—O coordinations. Besides the formation of
Ag clusters, it is generally assumed that Ag and O
form Ag,O-like structures. Some potential and pa-
rameter configurations can be interpreted to show
this in the calculation. However, the simulations
have shown that the silver environment depends on
the silver interaction potentials chosen (cf. details of
corresponding coordination numbers in Tables 3 and
4), which does not apply to Na.

(3) Besides a first peak there are also a second
and partly a third one in all partial PDF, indicating
higher coordination spheres.

(4) The structure of the silicate glass is only
slightly affected by the Na—Ag ion-exchange and the
Ag interaction potentials chosen. Table 3 demon-
strates the sodium environment of the different MD
simulated glass structures. The comparison of PDFs
shows that the sodium environment is affected by the

Table 2

Outline of MD simulations {(selected examples)

Na-Ag ion- Ag-Ag Ag-0 Ag-8i  Ag-Na  MD simulation

exchange rate (%)

0 - - - - 001 ( pion)s 026 { prge)

30 EAM LJ LJ L 011

30 EAM Lih Lih Lih 013

30 EAM Lld Lid Lid 012

30 EAM L) BMH LI 010

30 EAM Llh BMH LJh 010

30 EAM Ljd BMH Lid 002 (T, = 1500 K), 005 (T;,,,, = 2000 K), 006 (T, = 1000 K),
007 (T,,,,, = 2500 K), 008 (T,,,,, = 3000 K), 027 ( Phign)

30 EAM BMH BMH LJd 034 ( p,,,)

30 EAM BMH BMH  BMH 035 ( pioy), 044 { p,,0)

30 EAM BMH BMH BMH 044

30 LI 1J i) LJ 014, 018 (», = 1 nm), 038 (T,,,, = 1500 K), 039 (Tpax = 2000 K),
040 (T, = 3000 K)

30 Lih LJ LJ Li 015

30 Lid L L] LJ 016, 041 (T,,,, = 1500 K), 042 (T, = 2000 K),
043(T,,,, = 3000 K)

30 LJ Lih LJh LJh 036

30 LJ Lid Lid Lid 037

30 LJ 1J BMH %) 017

40 EAM Lid BMH L)d 028

40 EAM BMH BMH BMH 045

50 EAM Lid BMH Lid 029

50 EAM BMH BMH BMH 046

EAM: embedded atomic potential; BMH: modified Born-Mayer—Huggins potential; LJ: Lennard-Jones-potential with standard parameters;

LJh: Lennard-Jones-potential with &/2 bonding strength; Ljd: Lennard-Jones-potential with 2¢ bonding strength; T,

annealing temperature; r,: cut-off radius for LJ potential.

max: Maximum
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total PDF
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Fig. 1. Total pair distribution function of 30% Na-Ag ion-ex-
changed sodium trisilicate glass after 100 ps MD annealing (ex-
ample 044 in Table 2),

variation of the glass density rather than by the
ion-exchange. For all that, the inclusion of silver
seems to result in a decrease of the first Na—Na
coordination number whereas the sodium oxygen
coordination solely reveals negligible changes.

(5) In Table 4 the results of the most important
simulations are summarized to describe the Ag envi-
ronment. The standard LJ parameters are fitted to

Ag-Ag Ag-0O
au, " au. \/
J o A
3]
2. ]
Mo
] . . r 0 - - r
K 2 4 6 . 2 4 .6
r[am} r[nm]
Ag-Na Ag-Si
au 2.1
K1 1.5
4+ 1.6 N
24 0.5
/ !
AT S S FIRE: 23 2 4
r{nm] rlam)

Fig. 3. Partial pair distribution function of the silver environment
of 30% Na-Ag ion-exchanged sodium trisilicate glass after 100 ps
MD annealing (example 044 in Table 2).

represent the equilibrium Ag—Ag and Ag—glass dis-
tances. A modification of the bonding strength, e,
causes changes of the next neighbour distances, but
may result in a rearrangement of silver coordina-
tions. A reduction (e/2) of the Ag-Ag bonding

Si-O 0-0 Si - Si
.| " a.u6._ ‘ll a\.u.1K n
i 4+ \ h
IV I VA I I
o IV A
1 Y
S 8 9.0 2 46 8 % .‘zj 4 6 B
r {nm} r [nm] r {nm]
Na-Q Na-Na Na-Si
au ‘ a.u A 7 a.l T
‘ o/ \] I u )\ \
£ AV R A A |V
| | Voo i
Zj /\\ / .4~ !f Yy 1 / \f/
11 2 f i |
1 o o
0o 8 o2 . 6 8 W02 a4 .8
r {nmj r {nm] r {nm}

Fig. 2. Partial pair distribution function of the basic glass structure of 30% Na-Ag ion-exchanged sodium trisilicate glass after 100 ps MD

annealing (example 044 in Table 2).
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Table 3

Sodium environment, comparison of next-neighbour distances d {nm) and coordination numbers cn in sodium trisilicate glass, rc: cut off

radius of cn (selected examples, see text and cf, Table 2)

Potential: Ag-Ag/Ag—glass d(Na—Na) cn{Na—Na) (r, = 0.41 nm) d(Na-0) cn{Na—0) (7, = 0.32 nm)
-/-/(001) 0.360 2.6 0.240 3.6
-/-/(026) 0.343 3.7 0.250 56
LI /L1 /(014) 0.360 1.8 0.239 35
LIh/LJ/(015) 0.360 1.8 0.238 35
LId/LJ /(016) 0.344 2.1 0.241 34
L /LIh,/(036) 0.357 1.8 0.239 36
LI/Lid/(037) 0.338 1.9 0.239 3.6
EAM /LI /(011) 0.350 1.7 0.238 3.6
EAM/BMH /(044) 0.330 138 0.240 35
Exp. in Refs. [2,3] 0.235 3.5
Exp. in Ref. [22] 0.232 4.3

strength (LJh,, ,,) and an increase (2¢&) of the
Ag-glass bonding strengths (LJd _,.,) have nearly
the same effects on the structure: decreasing Ag—Ag
coordination and increasing Ag—0O. Doubling the
Ag-Ag bonding strengths (LJd,,_,,) and corre-
spondingly reducing the Ag-glass bonding strength
(LIh,g _giass) vield the opposite effect, viz. the en-
largement of the Ag—Ag coordination and a decline
of the Ag—O coordination. However, for Ld,,_,,
this behaviour is far more strongly revealed. The
EAM simulated systems also show the formation of
large Ag—Ag coordinations, however, connected with
a slight shift of the first Ag—Ag peak of the partial
PDF towards smaller distances. Associated with the
BMH Ag-glass interaction, these systems also re-

Table 4

veal an Ag—O coordination which corresponds quite
well with experimental values [2,3].

3.2. Structure: Local glass topology

To investigate the influence of ion exchange on
the silicate glass structure, silicon—oxygen arrange-
ments have been studied in more detail, by counting
the number of bridging oxygen atoms surrounding a
silicon atom. The silicon atom of type Q,, is bonded
to n bridging oxygen atoms.

Assuming, for comparison, a simple, but incorrect
model {a gedanken experiment) of sodium uniformly
distributed in a silicate network each sodium atom
added produces a non-bridging oxygen, i.e. one Q.

Silver environment, comparison of next-neighbour distances 4 {nm) and coordination numbers cn in sodium trisilicate glass, rc: cut off

radius of cn (selected examples, see text and cf. Table 2)

Potential; Ag-Ag/Ag-glass d(Ag—Ag) cn(Ag-Ag) (r, = 0.35 nm) d(Ag-0) en(Ag-0) {r, = 0.26 nm)
LI /LI /{014) 0.281 2.44 0.207 44

Lih/LI/(015) 0.277 1.2 0.209 5.0

Lld/LI/(016) 0.281 6.02 0.205 2.9

L1 /LJh /(036) 0.282 2.99 0.204 34

LI /LId /(037) 0.277 17 0.207 54

EAM/LJ /(011) 0.270 3.6 0.205 41

EAM/BMH /(044) 0.261 3.9 0.213 2.8

Exp. in Refs. [2,3] 0.264-0.270 - 0.208-0.223 2

Exp. in Ref, [22]

0.208 - 2.1
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Each silicon atom has to be bonded to not more than
one non-bridging oxygen until all Q, are converted
to Q,. Thus in such a model of sodium trisilicate
glass there have to be 33% of Q, and 67% of Q,,
but no Q, or Q,. A thermodynamic description of
the Q, distribution within an alkali silicate glass is
given by Gurman [21]. Thermodynamically, for the
reactions

2Qn®Qn—1 +Qn+1 (HI)
the equilibrium is described by
nan ] nyn
422 — 321 - 27O=€—2AE//(T- (IV)
n; n; ny

AE is a bond ordering energy and T denotes the
glass transition temperature. For AE <« kT, a ran-
dom distribution results, for A E > kT, the resulting
step model is equivalent to our gedanken experiment.
Values of AE/kT for different alkali glasses are
fitted to experimental data, depending on the type of

the alkali metal and the glass transition temperature
but not on the concentration of the metal. Particu-
larly for sodium silicate glasses in Ref. [23] the value
of AE/kT=2.540.5 is given.

Besides small deviations our simulations show a
general agreement with NMR and XPS investiga-
tions [24-26] enabling one to determine the relative
proportion of different types of silicon atoms. In all
simulations, Q, is dominating. Table 5 shows the
values of Q, as functions of the simulation parame-
ters. The bridging fractions, Q,, are always larger,
and Q5 always smaller than for the ideal model,
which is the reason why additional fractions Q;, Q,,
and Qs occur. The fraction of Q, corresponds quite
well with the experimental values. In contrast to the
experiment, in our simulations the fraction of Q; is
smaller than that of Q,, which is due to a small
fraction (~2%) of Q,. The glass structure with the
higher density (026) has a small fraction of Q,

3000 Temperature regime
., 2000
&
&~ 1000
0 - } + |
0 50 100
simulation time [ps]
Cluster distribution
46
R 43
H o H 40
o 37
34
31
28
25cluster
22 size

16 21 26 31

36 41 46 51

61 & 71 76 81 8 91 %

simulation time [5]

00-1[2-8 H9-27 M28-64 B65-125 atoms

Fig. 4. Cluster distribution during 100 ps MD annealing for 30% Na-Ag ion-exchanged sodium trisilicate glass. The grey scale indicates the

distribution of Ag atoms per cluster size.
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Table 5

Distribution of the Q, species (Si with n bridging oxygen) for

different examples

D. Timpel et al. / Journal of Non-Crystalline Solids 221 (1997) 187198

Potential: Qi (%) Q, (%) Qy(%) Q,(%) Qs(%)
Ag-Ag/Ag~-glass

-/-/(001) 1.1 10.9 419  46.1 0.0
-/ /(026) 0.3 102 404 436 3.6
LI /LI /(014) 1.8 12.2 367 452 00
LJh /L3 /{015) 1.3 10.9 40.9 46.9 0.0
LJd/LI/(016) 1.3 11.2 39.8 47.1 0.5
L1/LJh /(036) 1.0 12.8 380 482 00
LJ/L3d /(037) 2.3 9.1 414 471 0.0
EAM /LJ /(011) 1.3 9.6 432 456 03
EAM/BMH /(044) 1.3 12.0 38.5 482 0.0
LJ/L1/(018) 0.3 6.3 30.7 435 18.5
Exp. in Ref. [20] 0.0 11.3 49.6 39.1 0.0

indicating that this system is not fully equilibrated.
For longer simulations of about 500 ps this fraction
vanishes. The sodium-silver ion exchange causes
minor changes of the proportion of Q,. The doubling
of the LJ cut-off radius also tested, however, causes

a large proportion of Q5 indicating the destruction of
the glass network.

According to Gurman’s model [23] (Eq. (IV)) the
equilibrium constants for our basic sodium di- and
trisilicate glass models after 2 ns MD simulations are
AE/kT=0.7 and 0.6, respectively. These results,
however, are related to the theoretical glass transition
temperature of approximately 3500 K as usually
occurring in MD simulations, which is the most
uncertain value of the calculations. Thus, the cor-
rected values of AE/kT approximately correspond
to 3.0 and 2.5, which both are slightly larger than the
experimental values.

3.3. Clustering

The Ag-Na ion exchange without annealing re-
sults in isolated Ag atoms having coordination num-
bers less than those of the Na. For weak LT Ag—Ag
potentials compared to the standard parameters in
Table 1, the annealing process only slightly affects
this arrangement (e.g. 015 in Table 4). For a strong

20
PR Ag:EAM,LJ |
—Ag: LJ
16 + [ ----Ag: LJ, epsilon/2
...... Ag: LJ, 2*epsilon
7 |- AgEAM: BMH
12 -

averaged cluster size

60 80 100

simulation time [ps]

Fig. 5. Average cluster size versus simulation time for different Ag—Ag interactions for 30% Na—Ag ion exchanged sodium trisilicate glass.
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L} Ag—Ag interaction potential (LJdAg_Ag) or an
EAM the Ag atoms tend to form clusters during
annealing. Such a behaviour, experimentally ob-
served for reduced Ag ions in glass, was investigated
as a function of the interaction potentials as well as
of the thermodynamic conditions. Fig. 4 reveals the
cluster distribution during annealing for 100 ps. The
cluster size is a function of the annealing time. The
grey scale indicates how many Ag atoms altogether
are included in the corresponding cluster size, i.e. the
number of clusters in the respective class (e.g. if
there are three clusters of always 16 atoms this
results in the grey value of altogether 48 atoms). At
the very beginning there are only isolated atoms or
clusters of two atoms. Increasing the temperature
causes the formation of clusters, with the size and
number of the latter increasing until there is only a
small number of non-clustered atoms. Cluster forma-
tion depends on the Ag potentials chosen. However,
it is also affected by thermodynamic conditions such
as maximum annealing temperature and glass den-
sity. To determine the dependencies, the averaged
cluster size is introduced as a measure of cluster
distribution. For identical ion-exchanged glass struc-

45

tures, annealing regime, and Ag-glass potentials but
various Ag—Ag interactions, the clustering behaviour
is shown in Fig. 5. With the LJ bonding strength as
well as the cut-off radius being varied, EAM was
additionally applied. Increasing the cut-off radius did
not show any effect. Below a bonding strength of the
standard LJ parameters (Table 1) solely a large
number of very small clusters formed. Applying
EAM and a strong LT (2¢: LJd,,_,,) caused the
formation of larger clusters. Compared to L], EAM
causes a faster formation of clusters starting already
during heating. Besides, particles simulated with the
LJ interaction are less stable and may decay owing
to the heating process of the second annealing cycle.
The Ag-glass interaction, too, affects the formation
of Ag-clusters, but this effect is much smaller. Thus,
the reduced bonding strength (LJh Ag_glass) as well as
the standard parameters of the Ag-O bonds, for
instance, cause a stronger clustering (see examples
016 and 036 in Table 4).

In Fig. 6, again showing clustering versus simula-
tion time, the maximum annealing temperature is
varied, whereas the other system parameters are kept
constant in all simulations. For an Ag—Ag interac-

----2000K
— 3000K

[\ 3]
[ wn
] [

T

averaged cluster size
(e
]

20 30 40

50 60 70 80 90 100

simulation time [ps]

Fig. 6. Average cluster size versus simulation time for different maximum annealing temperatures for 30% Na-Ag ion exchanged sodium

trisilicate glass.



196 D. Timpel et al. / Journal of Non-Crystalline Solids 221 (1997) 187198

TPRA K 2 after




D. Timpel et al. / Journal of Non-Crystalline Solids 221 (1997) 187-198 197

tion, simulated with EAM or with LJ with standard
parameters or doubled bonding strength, higher an-
nealing temperatures yield larger clusters.

In addition to the formation of small Ag clusters
starting with a uniform distribution of the Ag atoms
we have also treated larger crystalline Ag precipi-
tates of about 2000 atoms in glass. Such particles are
of special relevance because of their experimental
accessibility as, for example, by means of HREM.
Because of the limited calculation time (100 ps for
systems of 10000 atoms) it seems impossible to
generate such large particles directly as a result of
MD simulations. Therefore the precipitates are artifi-
cially included in a relaxed glass structure. The
procedure and the resulting structures are described
in Ref. [7] and can be summarized as follows: A
spherical hole is cut into a well relaxed glass matrix.
Afterwards, a crystalline Ag particle, also spherical,
of a diameter slightly smaller than the hole is in-
cluded in the latter. Subsequently, the whole struc-
ture is MD simulated with the particle kept frozen
for a couple of steps to reconstruct the particle-ma-
trix interface.

Fig. 7 shows an example of MD simulations for a
sodium trisilicate glass model of 12288 atoms (6.25
X 6.25 X 6.25 nm) together with calculated HREM
images. Besides the 30% Na-Ag ion exchange,
spherical crystalline Ag particles of 1048 atoms are
included in the model. Thus, the growth of larger
sessile particles due to the agglomeration of mobile
smaller aggregates can be studied, which represents
an advanced state of the whole physical clustering
process. Such a mixed model is developed to analyze
the imaging effects and to prove the visualization of
clusters and of smaller and larger particles by simu-
lating HREM micrographs. Fig. 7a shows the struc-
tural model before annealing and the corresponding
simulated HREM micrograph. In the glass matrix the
exchanged silver is almost randomly distributed. In
the centre of the model the precipitate is situated. In
the HREM image, the crystalline particle detectable
by its lattice fringes clearly stands out against the
speckled contrast of the amorphous matrix.

Annealing for 100 ps at a maximum temperature
of 1000 K results in the formation of small particles
of up to 50 atoms. Besides, the large crystalline
precipitate is growing with its surface changing (Fig.
7b). The change in particle shape is indicated by the
HREM contrast as discussed in Ref. [7]. Besides,
there are contrast correlations caused by the small
Ag clusters in the matrix. Most of the smaller clus-
ters, however, cannot be resolved in the HREM
images.

4. Discussion

Experimental and simulated HREM micrographs
demonstrate the visibility of larger particles (> 100
atoms) and their structural changes (shape modifica-
tions and relaxation). The quantitative analysis of the
properties and the structural behaviour, studied by
MD simulations, is affected by the glass structures as
well as particle mobility and the interaction of both.
The MD simulations of migration and clustering,
however, depend on the interaction potentials cho-
sen: The structure of the sodium trisilicate glass were
found to be determined by the existence of pure SiO,
regions and sodium channels through the glass (large
proportions of Q, and Q, relative to our gedanken
experiment as well as the sodium coordination). The
silicate network structure was not affected by the
Na—Ag ion-exchange (no significant changes of the
Qn Distribution). The first Na—Na coordination
number seems to reveal a minor decrease caused by
the inclusion of silver. The silver species do not
simply occupy the sodium sites but form another
environment, which depends on the silver interaction
potentials chosen. The EAM simulated systems show
an Ag—Ag coordination which indicates the forma-
tion of compact clusters, additionally connected with
a decrease of the Ag—Ag next neighbour distance.
Associated with the BMH Ag-—glass interaction, these
systems also reveal an Ag—O coordination, which
corresponds quite well with experimental values.
Besides, applying EAM or a sufficiently strong LJ

Fig. 7. Spherical Ag-particle (1048 atoms) in 30% Na-Ag ion-exchanged sodium trisilicate glass (6.25 X 6.25 X 6.25 nm) before (a) and
after (b) MD annealing with corresponding simulated HREM images (acceleration voltage U = 400 kV, spherical aberration C, =1 mm,
defocus 4 = 70.0 nm, defocus spread § = 10 nm, beam divergence & = 0.5 mrad).
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(2&: LJd,, _,,) causes the formation of larger clus-
ters. Compared to LJ, EAM induces a faster forma-
tion of clusters starting during heating, resulting in
more stable clusters, which do not decay during the
second annealing cycle. Comparing the theoretical
results with the experimental data from the literature
thus yields:

(1) Glass structures comparable with experiments
are described by simulation (044) and (014) (in
Table 2).

(2) Simulation (044) and (016) (in Table 2) char-
acterize the particle mobility and the formation of
compact clusters.

(3) The most important features are the existence
of channels in the network, and the silver clustering,
which negligibly affects the silicate network.

5. Conclusions

Our MD genperated model of an ion exchanged
sodium trisilicate glass provides a MD description of
structure and dynamics of silver in glass.

In the silicate network of sodium trisilicate glass
the sodium species were found not to be uniformly
distributed, indicating channel-like structures in the
glass of increased sodium density. A comparison of
the PDFs of the silver and sodium environments
shows that siiver forms a different environment not
essentially changing the silicate network topology.
Besides, silver has a strong tendency to form clus-
ters, which mainly depends on the annealing regime
and the Ag—Ag interaction potential. However, solely
for the EAM simulated silver the Ag—Ag distances
of the small clusters are reduced, which is predicted
by HREM experiments. Based on experimental re-
sults for equilibrium distances, coordination num-
bers, bridging fractions and cluster extensions as
functions of the potential structure and its free pa-
rameters a refinement of the empirical potentials
applied to the MD simulations is made.
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