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[ Abstract] The coordination and bond properties of aluminium and silicon ions were discussed by means of molecular dy-

namics simulation. By combining KA and MATSUMIYA potentials, the results of simulations agree better with the ex-

periments. Trend of coordination and bond properties changing along with the increasing content Al,O3 from 0 to 100%

(mole fraction) was obtained. Average bond lengths of SrO in these simulations are within the range of 1. 60~ 1.63 A

and become smaller from 1. 63 Ain sample 0 to 1. 60 Ain sample 9 along with increasing content of AL,O3. Average bond
lengths of AFO are within the range from 1. 77 Ain sample 1 to 1. 86 Ain sample 10. By analyzing the relation of CN(T)
and CNSi(T) with Si/ (Si+ Al), it is found that Al mainly locates on the tetrahedral sites which neighbor the Si tetrahe
dra but avoid the Al tetrahedra while alumina content is low. Whereas when Si/ (Si+ Al)< 0.5, AFoctahedral units ap-
peared and became predominant gradually. Meanwhile, Al avoidance principle can only be maintained at low alumina con-

tent. With increasing alumina, this principle would be broken gradually.
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1 INTRODUCTION

The properties of binary slag system of AlLOs
Si02 are basic background knowledge for metallur
gist. But up to now, the most majority of knowledge
about slag is still based on experience. In order to
systemize and theorize the knowledge of properties of
slag, complete and further understanding of molten
structure of silicate must be the first step because any
macroscopic properties of any melts are determined by
microstructure. Fortunately, various experimental
methods for studying the microstructure of silicate
melts have been developed, such as Raman and In-

41, X-ray photoelectron spec

frared spectroscopy! '~
troscopy ( XPS)P! nuclear magnetic resonance
(NMR)*6 1 and X-ray Scattering[n’m. Parallel
to the experimental methods, theoretical calculation
and simulation methods, like molecular dynamics
simulation (MD), Monte Carlo method (MC), and
ab initio calculation, have also been developed ac-
companying with the development of computer, spe
cially MD simulation!'" '~ I

For the structural properties of Al,03-SiO;
melts, there existed several viewpoints sustained or
contradictory with each other in the previous litera-
tures. Mysen, McMillan and Daniell '™ * studied the
aluminosilicate melts by means of Raman and IR
spectroscopy and concluded that the aluminum avoid-

ance principle'*”! is basically maintained in most alu-

minosilicate melts or glasses. With increasing Al,O3
content, proportion of Al( V) (aluminum with 5 co-
ordinate oxygen) and Al( VI) species is increased.
Based on observed Raman bands, McMillan et al'?
went so far as to suggest that the Raman bands in
high-frequency (800~ 1200cm™ ') region are due to
vibrations with a predominant character of silicon
oxygen stretching, with aluminum acting only as a
perturbation on these. That’s to say, these vibrations
are not stretching modes of coupled (Si, Al)-O sys
tems, but rather SFO stretching motions modified by
AP* as a cation coordinating the oxygen, similar to
alkali and alkaline earth cations in simple binary sili-
cate glasses. Miura et al ! analyzed three O 1s signal
components of X-ray photoelectron spectroscopy,
which are ascribed to nombridging oxygen ( NBO)
and two bridging oxygen SrO-Si, SrO-Al respective
ly, and proved that Si and Al existed as tetrahedral
but not octahedral cations. Merzbacher et al'® inves
tigated the abundance of chainr( 0?), sheet-( 0?),
and framework-like ( Q*) tetrahedral units, and the
distribution of Al among those units in CaO ( and
Mg0)-ALO+Si0, glasses by *%i and “Al MAS-
NMR. And distinct conclusions were obtained: 1)
the higher the ratio of Al/(Al+ Si) is, the more 0°
units and fewer Q2 and Q* units are present in melts;
2) the low charge density of K", Na" and even Li"
are not sufficient to stabilize Si tetrahedra with both
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an NBO and neighboring Al. Therefore, Al preferen-
tially goes into Q* sites and NBOs are ¢ concentrat-
ed’, forming Q2 sites. However, the higher field
strength Mg® and Ca’* ions can more effectively
compete with Al for oxygen and well stabilize Q7 Si
tetrahedra with neighboring Al. Based on the similar
view point, Engelhardt and Nofz et al'”"? proposed a
Qm(where m is the total number of bridging oxygen
atoms and n the number of Al atoms) groups model
built up from groups consisting of a central SiO4 tetra-
hedron and its directly connected Si or Al atoms,
with Ca* for charge compensation. In the work of
Oestrike et al''” only /Al signal for Al( IV) was de
tected and there was no signal for Al( VI) in a very
wide range of the ratio of Si to Si+ Al in aluminosili-
cate glasses. So, a strong conclusion was reached that
there was no AFoctahedral unit in the sodium alumi
nosilicate glasses, which is opposite to the results of
Poe and M cMillan'>* .
the mean St O bond length per tetrahedron at about
1. 60 £0. 01 and a range of about 1. 56~ 1. 66 Afrom

*%i signal. Himmel et al''" studied the structure of

Oestrike et al also calculated

calcium aluminosilicate by means of wide-angle X-ray
scattering and proved the welkknown short-range or-
der of (Si, Al)-tetrahedra by the average atomic dis-
tances at 0. 165~ 0. 167nm, 0.265~ 0.267 nm and
0.309~ 0.312nm (T-0, O0-0, T-T distances).
Himmel also reached two striking conclusions: 1) the
structure is built by completely interconnected T Q42
tetrahedra (T = Si, Al) and Ca** cations located in
the vicinity of the distribution of the AI** OF/rtetrar
hedra for charge balancing. The distribution of the T-
O-T bond angle is broad and asymmetric; 2) the al-
ternating order of (Si, Al)-tetrahedra is interrupted,
which is contradictory to the aluminum avoidance
principle to a certain extent. MORIKAWA et all'*!
made use of X-ray scattering intensity data to lead to
a conclusion that the average (Si, Al)-O distance var
ied from 0. 161 to 0. 179 nm and the average coordr
nation number of O around T(Si, Al) varied from
4.3 to 4.5 following with increasing mass fraction of
ALOj from 0 to 60% . The notable conclusion of the
paper is that the short-range structure of the Al,O3
rich glass is similar to that of mullite: the average
(Si, Al)-O distance is 0. 181 nm and the coordination

I examined the co-

number is 4. 7. Hanada and Sogal *'
ordination behavior of Si and Al in SiO>ALO3 amor-
phous films synthesized by radio frequency sputter
ing, via Si and AlK, and AlKp X-ray emission spec
troscopy. The SiK, chemical shift was independent of
composition, and remained close to the value for vit-
reous Si0» throughout the entire composition range,
suggesting that the Si sites remained tetrahedral in
these samples.

In order to understand what role aluminum act

as in the Al,03-SiO, melt system on earth, the
change of coordination and bond properties of the
melts along with the entire composition must be stud-
ied. But limited to the experimental and environmen-
tal conditions, almost all the experiments mentioned
above didn’ t cover the entire range of composition
with the content of Al,O3 varying from 0 to 100%
(mole fraction) . As a very successful method for sim-
ulating silicate structure, molecular dynamics (M D)
can remove the stones lying across the experimental
process. In this paper, the main purpose is to study
the coordination and bond characters of aluminum and
silicon through the entire composition of the binary a-
luminum silicate melts. After that, the next paper
will discuss the type of basic units and their distribu-
tion. But before all of these, the choice of potential
parameters must be accomplished to obtain the best
and closest to reality the results of simulations.

2 SIMULATION METHOD

For the molecular dynamics simulations of sili-
cate melts, the choice of potential is the most impor-
tant one among several major factors! 1. A pair ionic
potential of BormMayer-Higgins form, which was
transformed from the simulation of halides, was suc

cessfully used to silicate melts and glasses[ it

u(ryj)= qq/rj+ Bjexp(— ri/ ) (1
where w(r;) is the interatomic pair potential and
rij denotes the interatomic distance. The first term in
the right hand side represents Coulombic interaction
and the second term represents inter-core short-range
repulsion interaction. For the parameter of Bj; and
@, it is needed to discuss carefully. Refs.[4, 15]
used the same copy of potential in Ref. [ 13], but the
ion size parameter of Os; has two different values of
1.131 A from Ref.[4,16] and 1.31 A from
Ref.[ 14]. As the author’s presume, the value of
1. 131 Ais a print error, because the distance of Sr0O
bond in the simulation with this value is about 1.71 A
but the coordination number of oxygen around silicon
still remained about 4. The distance seems too large
for the Si tetrahedra, but more fit for the Si octahe-
dra. Based on the assuming that 0g;= 1. 31 A com-
parison of different potentials have been done before
the simulations to obtain the ideal potential and the
results of usro(r) are shown in Fig. 1(a). Here, on-
ly two potentials were included for comparison, KA
potential "' and MATSUMIYA potential ' ( both
potentials are BMH forms). With the parameters of
KA potential, the Srtetrahedral units in the simula
tion seem too soft just like the coordination number
Nsio(r) shown in the Fig. 1(b), but the parameters
of MATSUMIYA potential can rigidify the Srtetra
hedral units and make up for the imperfect of KA po-
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Fig. 1 Comparison of different potentials

tential even as the symbol+ line curve (which simu-
lated the sample 4, see Table 2) of Fig. 1(b), but
why? From Fig. 1(a), one can find that the well of
MATSUMIYA potential is deeper than that of KA
potential, so the attraction between silicon and oxy-
gen of MATSUMIYA potential should be stronger
than that of KA potential and therefore Si-tetrahedral
units become more rigid. From those comparisons,
the combination of two type potentials was applied as
listed in Table 1. The ionic valancies ¢; for Si, O,

Table 1 Parameters for BMH potential

Bond Py A Byl eV

SrSi 0.025 18660220510 030 682 345. 0
Sr0 0.1425 223440. 54

SrAl 0.29 2219.246

0-Al 0.29 1945. 759

AFAl 0.29 2444. 136

00 0. 260 15812. 842

Table 2 Numbers of atoms and
composition of melts

Density x (AlLO3)

2(Al+

No- ) (grem™2) 1% Al Si 0 S o)
0 2.175 0 0 224 448 672
. 267 10 42 189 441 672
355 20 78 159 435 672

444 30 112 131 430 673
532 40 142 106 425 673
621 50 168 84 420 672
710 60 192 64 416 672
796 70 214 46 413 673
885 80 234 29 409 672
.974 90 452 14 406 672
10 3. 062 100 268 0 402 670

Note: according to phase diagram'*!, liquid region at 2100 C
is across entire region of composition.

O© 0 N O W R W -
SRR

and Al are + 4, — 2, and + 3 respectively.

In this simulation of the melts, 672 or 673 atoms
were included, and the initial construction is random
which is most befitting for the simulation of melts and
liquids. To make the results more comparable with
the results of experiments, the densities are obtained
or extrapolated from the experimental data.

The model box lengths will change slightly ac
cording to the proportion of Al,O3 under the periodic
boundary condition. The initial temperature is fixed
at 6000 K for 2000 steps to mix the system complete
ly. Then equilibrium calculation is started and per-
sisted for 8000 steps to reach the required tempera
ture of 2100 C. After equilibrium calculation, the
system is relaxed for 5000 steps to discover the RDF's
and correlation functions. So the total step number is
15000, and the time step is 0. 002 ps. As mentioned
in previous section, the aim of this paper is to detect
the coordination and bond properties change caused
by increasing A,O3 in the binary melt. So the num-
bers of Si, O, and Al and the macro-compositions of
melt would vary under the condition that the total
atom numbers be fixed around 672~ 673. The densr

ties, atom numbers and the compositions are listed in

Table 2.

3 RESULTS AND DISCUSSION

RDFs (Radial Distribution Function)!*”, acted
as a bridge between simulation and experiment, have
also been attained in these simulations and compared
with X-ray experiments to test the reliability of simu-
lation results. Fig. 2 has shown the RDF results (to
avoid the repetition and prolixity, only four samples
were selected to show the main feature of simulated
RDFs). From Fig. 2, the Srtetrahedral units must
be very rigid because the first peak of gsio( r) is very
narrow and sharp. That’s to say, the aluminum sili-
cate melts inherit the stable short-range order feature
of silica melt as shown in Fig. 1(a) to a certain ex-
tent.

The average distances of SrO in these simula
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Fig. 2 RDFs of simulation at different mole fraction of Al,03
(a) —x(ALO3) = 0; (b) —x (ALOs)= 40%; (¢) —x (ALOs) = 60%; (d) —x (ALOs)= 100%

tions are within the range of 1. 60~ 1.63 Aand be
come smaller from 1.63 Ain sample 0 to 1. 60 Ain
sample 9 with increasing content of A,O3 as shown in
Fig. 3(a), which agrees very well with that of wide
angle X-ray scattering experiment!'” ( 1.615 =*
0.026 A for anorthite) and NMR data® (1. 56 ~
1.66 Afor SFO bond). The average distances of AF
O are within the range from 1.77 Ain sample 1 to
1.86 Ain sample 10 as shown in Fig.3(b), which
are in agreement with data from Himmel et al '
(1.749 £0. 033 Afor anorthite and 1. 81 Afor mul
lite) and X-ray scattering intensity datal ' ( average
distance of (Si, Al)-O is from 1. 61 to 1. 79 Afor the
different content of Al;O3 from 0 to 60%). The first
peaks of go-0(r) shift from 2. 60 Ain Si0; melt to
2.85 Ain ALO3 melt (agree well with the wide angle
X-ray scattering datal'”) and in general compose a
peak (ascribed to the O-O pair in Sttetrahedral units
by comparing with that of SiO,) and a shoulder (as-
cribed to the O-O pair in AFtetrahedral units by com-
paring with that of A1,O3) as shown in the Fig. 3(c¢) .
The next-nearest orders are exhibited from the
second peaks of gsio(r), garo(r) and goo(r),
but no for garsi(r). Meanwhile, the positions of
first peaks of garsi( r) are striking identical with each
other, 3.28 A This phenomenon embodied the char
acter of short-range order in St O units and AFO units
(tetrahedra or octahedra) and mid- or long-range dis-
order in melts, at the same time, it interpreted the
rationality of the 7}, groups model proposed by En-

gelhardt and Nofz ® ® to a certain extent. In the bir
nary Al,03-SiO; melts, stably existed units should be
larger than Q' which is regarded as stable units in
M 0-Si0; melt system!'™ *' (M represents the alkaline
earth metals) .

The trends of distances of atoms changing with
the increasing content of AL,O3 can only be interpret-
ed on conditions of integrating with the trends of co-
ordination number curves as shown in Fig. 4. Similar
to the alkaline earth silicate melts, coordination num-
bers curves of Si shown in Fig. 4(a) have a common
platform with the y-axis value equal to 4. Combining
with the positions of first peaks in Fig.3(a) and
Fig. 4(a), conclusions can be reached with the joining
of AL,O3, the repulsion of Al to the bridging oxygen
of the form AFO-Si and consequently compression
brought to the Strtetrahedra by NNN ( next-nearest
neighbor) Al become stronger, so the average dis
tance of SFrO become smaller. Similar to the Nsio
(r) and Ngis(r) curves, the curves of Npo(r)
and N arsi( r) have also platforms just with a little in-
clination. This character proved the short-range order
of A1” 07 Si structual units similar to but less rigid
than that of Si~ O~ T(Si, Al) structural units. The
CN(Al) (the coordination number of O about Al, e
qual to the value of Naro(ro), where ro represents
the position of first min of garo( 7)) increases from
3.5 in sample 1 to 5.36 in sample 10 and equal to
3. 977 (near 4) at sample 3. The relations of CN( Si)
and CN(Al) with Si/(Si+ Al) have been abstracted
from the Nr1-o(r) and shown in Fig. 5(a).
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From Fig. 5(a), with the decreasing ratio of Si
to Si+ Al, CN(Al) increased linearly to 5.2 at pure
AL O3 melt (which is higher than that calculated by

Poe et al' '), and CN(Si) had no change, fixed at 4

(supported by the X-ray emission spectroscopic da

[21]

ta as presented in the first section). It must be

noted the crossing point about Si/(Si+ Al) = 0.5,
where CN( Al) is just a little greater than 4. When
Si/(Si+ Al) > 0.5, there must come forth the Al
(V) and Al( V] because the CN(Al) is greater than
4. And on the contrary, when Si/(Si+ Al)< 0.5,
there should be predominantly Al( IV) and a little AF



.« 970 - Trans. Nonferrous Met. Soc. China

Dec. 2001

5.2
5.0
4.8¢ ‘;\
4.6 PN /

= 44r T CN(S1)

© 4.0
3.6} .

3.4
3.2

1
’
y J

1 1 1 1
0 0.2 0.4 0.6 0.8 1.0
Molar ratio of Si to Si+ Al

’ CNSi(Al) * il
3.0 L

2.5
2.0f -

T T
\

CNSiT)

P |
L3r o~ CNsis)
1.0} e

0.5
oo

L 1 1 1
0 0.2 0.4 0.6 0.8 1.0
Molar ratio of Si to Si + Al

Fig. 5 Relations of coordination numbers

CN(T) (a) and CNSi(T) (b) with Si/(Si+ Al)

( II). With the increasing content of A,O3, the pre-
dominant AFunits changed from tetrahedra to octahe
dra. This conclusion can be supported by X-ray scat-

tering datal "% #!

Here, CNSi(T) is defined to denote the coordi
nation number of NNN ( next-nearest neighbor) Si
about T (Si or Al) cation. The relations of CNSi( Si)
and CNSi( Al) with Si/(Si+ Al) are shown in
Fig.5(b). When Si/(Si+ Al) is high from 0.7to
1.0, CNSi(Al) remained 4, which means Al tetrahe-
dra are all surrounded by Si tetrahedra through AFO-
Si bridging oxygen and the Al avoidance principle can
be applied to this region just like the results of some
literatures '~ > 7" "% But with decreasing Si/ ( Si+
Al) sequentially, CNSi(Al) almost linearly decreased
accompanying with the increase of CN(Al). So, Al
O-Al bridging oxygen inevitably appeared and contin-
ued increasing with adding of Al,03 on condition that
the system is fulFpolymerized. Then, the Al avoid-
ance principle can’ t be maintained any longer. At the
meantime, CNSi( Si) is almost linearly related with
Si/(Si+ Al), specially when Si/(Si+ Al) > 0.4.
When Si/(Si+ Al) is lower than 0.4, the predomr
nant units are not the Si tetrahedra anymore but Al
tetrahedra and Al octahedra, it can be imagined that
the Si tetrahedra are all immersed in the ocean of Al
units. So, CNSi(Si) can not maintain the linear rela
tion with Si/ (Si+ Al) anymore. That is also the rea

son why the peaks and shoulders of go-0(7) shown in
Fig. 3(¢) had a gradual shift along with increasing
mole fraction of Al,03. The gradual change from pre-
dominantly Srtetrahedral units to predominantly Ak
units and from predominantly AlFtetrahedral ones to
predominantly AFoctahedral units is also substantiat-

ed by density data of Aksay et al*”.
4 CONCLUSIONS

1) With the potential by combining KA and
MATSUMIYA parameters, the results of simulations
agree better with the experiments than KA potential
and the Srtetrahedral units in simulated systems be-
come more stable.

2) The average bond length of SrO in these sim-
ulations is within the range of 1. 60~ 1.63 Aand be-
comes smaller from 1. 63 Ain sample 0 to 1. 60 Ain
sample 9 with the increasing content of Al,03. It can
be interpreted that the compression brought to the Sr
tetrahedra by NNN-Al becomes stronger with in-
creasing alumina composition.

3) The average bond length of AFO is within the
range from 1. 77 Ain sample 1 to 1. 86 Ain sample
10. It tones in with the coordination number of Al

4) The coordination number of Si (CN(Si)) are
fixed at 4 throughout the entire composition region.
But CN(Al) has a linear raise with the addition of a-
lumina. With low content of ALOs( S/ (Si+ Al) >
0.5), Al mainly locates at the tetrahedral sites which
neighbor the Si tetrahedra but avoid the Al tetrahe-
dra. Whereas when Si/ (Si+ Al)< 0.5, AFoctahedral
units appeared and became predominant gradually.

5) With the increase of Si/(Si+ Al), CNSi(Al)
almost linearly increased at first and remained at 4
when Si/ (Si+ Al)> 0.7. But CNSi( Si) was reversed
and linearly increased when Si/(Si+ Al)> 0.4. So,
it can be inferred that Al avoidance principle can only
be maintained at low alumina content. With increas-
ing alumina, the principle would be broken gradually.

6) On the condition that the bond and coordina-
tion properties of aluminum silicate melts have been
understood fully, the next paper will discuss the type
of basic units and their distribution.
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