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In the present work the structural properties of low silica content calcium aluminosilicate melts with

concentration ratio CaO/Al2O3¼ 1 are investigated in the liquid and undercooled states by neutron

diffraction experiments and ab initio molecular dynamics simulations. The results show the presence

of AlO5 units and triclusters as well as non-bridging oxygen in the fully charge balanced

compositions. Moreover, our findings allow us to identify a possible interplay between these

structural units. Finally, we discuss the influence of these defective structural units on the properties

of tetrahedral network and more particularly their implication on the evolution of the viscosity and

the fragility. VC 2012 American Institute of Physics. [http://dx.doi.org/10.1063/1.4766920]

Calcium aluminosilicate, CaO-Al2O3-SiO2 (CAS)

glasses, and melts are of technological and scientific interest.

Their good optical and mechanical properties1,2 as well as

their refractory nature make them attractive for a wide range

of industrial applications such as nuclear and industrial waste

storage, cements, ceramics, and industrial glasses. They are

of fundamental importance in geosciences as they form a sig-

nificant fraction of the composition of geologic magmas and

their thermodynamic and dynamic properties show a strong

dependence with the microscopic structure.3 An emerging

concept relating to the structure of CAS compositions

involves the interpenetration of two tetrahedral network

glass formers, namely, SiO2 and Al2O3 with strong Si–O and

Al–O bonds, containing another cation (Ca) having the abil-

ity to compete with Al and Si for oxygen bonding.4 How-

ever, the detailed mechanisms and connection with the

macroscopic properties are currently not well understood.

CAS glasses and melts with low silica content are of

particular interest. Although glasses formed in the binary cal-

cium aluminate CaO-Al2O3 (CA) system exhibit exceptional

sapphire-like optical properties,5 they readily devitrify.

When a small amount of silica is added to CA, the narrow

range of compositions (around 60%–70% of CaO) where CA

forms a glass by conventional quenching technique is sub-

stantially broadened.6–8 It has been shown that some proper-

ties such as the glass transition temperature are strongly

related to the silica concentration.9,10 It has been hypothe-

sized these changes might arise from non bridging oxygen

(NBO) located on SiO4 tetrahedral units7 or from a greater

polymerization due to the addition of silica.8 The knowledge

of the structural origins of these changes at the atomic level

is therefore of great interest.

In this letter, we address the important questions of the

structural properties for low-silica content CAS melts,

namely (CaO-Al2O3)1�x(SiO2)x for x < 0.2, and their evolu-

tion with the silica composition x along the ratio CaO/Al2O3

equal to one, all these compositions being fully charge-

balanced. For this purpose, we have combined neutron dif-

fraction (ND) experiments using aerodynamic levitation and

laser heating with ab initio molecular dynamics simulations

(AIMD). No experiment or simulation has been reported so

far for these systems. In this study, results obtained with the

composition x¼ 0.12 (denoted Ca12.44) and x¼ 0.19

(Ca19.40) are compared to our previous work on the compo-

sition x¼ 0 (Ca0.50).11,12 More details on the sample prepa-

ration and composition can be found in Neuville et al.9 We

have obtained detailed information on the fractional distribu-

tion of coordination numbers (CN) for Si, Al, and Ca atoms,

bond-angle distributions, and concentration of non-bridging

oxygen, AlO5 units, and triclusters, as well as their evolution

with SiO2 composition and temperature. A decrease of the

non-bridging oxygen and five-fold coordinated Al atoms is

found, which is a clear indication of the reinforcement of the

tetrahedral network with implications for the evolution of

the viscosity and hence the fragility of the system.

ND experiments were carried out at the D4c instrument

at the Institut Laue Langevin (ILL) in Grenoble (France).

This two-axis neutron diffractometer, described in detail in

Ref. 13, is dedicated to the structural determination of liquid

and amorphous systems. In this study we used a working

wavelength of 0.4969 Å, and the diffracted beam was meas-

ured over a 1.3�–135� angular range corresponding to a

Q-range of 0.3–23.2 Å�1. For studying the liquid state, we

used the levitation setup integrated into the instrument and

fully described in Ref. 14. Briefly, a spherical sample,

2.5 mm in diameter, is placed on a levitator that contains a

convergent–divergent nozzle enabling the diffusion of a

a)Present address: Centre for Science at Extreme Conditions (CSEC), Univer-

sity of Edinburgh, Mayfield Road, Edinburgh EH9 3JZ, United Kingdom.
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regulated gas flow onto the sample from below. This guaran-

ties that the sphere remains in a stable position without any

contact with the nozzle. The sample is melted using two CO2

lasers directed from the top and one from the bottom through

the hole in the nozzle. The temperature is measured with a

pyrometer working at 0.85 lm, and several video cameras

are used to monitor the sample during the heating process.

The experimental temperature is T¼ 1923 K both for

Ca12.44 and Ca19.40. Some details of the data refinement

are given in Ref. 15. The treatment includes the usual correc-

tions for the background contribution and attenuation as well

as multiple and inelastic scattering and a normalization using

a diffraction measurements from a spherical vanadium refer-

ence sample with the same size.

AIMD simulations were performed in the canonical en-

semble (NVT)16 with N¼ 256 atoms. The electronic struc-

ture calculations were performed within the density

functional theory (DFT) using the generalized gradient

approximation (GGA).17 We have used the Vienna ab initio
simulation package (VASP)18 in which the interaction

between the ions and electrons is described by the projector

augmented-wave (PAW) method, as implemented by Kresse

and Joubert.19 Only the C-point has been used to sample the

Brillouin zone. The size of the simulation box was fixed to

reproduce the experimental density20 of the two CAS melts,

namely 0.073 Å�3 and 0.071 Å�3, respectively, for Ca12.44

and Ca19.40. The number of atoms of each species is 33 Ca,

149 O, 66 Al, and 8 Si for composition Ca12.44 and 29 Ca,

151 O, 58 Al, and 18 Si for composition Ca19.40. Equations

of motion are integrated using the Verlet algorithm in the ve-

locity form with a time step of 1.5 fs. Such a small time step

is needed to accurately capture the vibrational motion espe-

cially for O atoms. Initially the atoms are randomly distrib-

uted, and for both compositions the system is heated to

T¼ 4000 K then cooled down to T¼ 2000 K, with a

cooling rate of 1013 K/s, above their melting temperatures

(Tm¼ 1893 K and 1823 K for Ca12.44 and Ca19.40, respec-

tively). In order to examine the temperature dependence of

the structural properties, the two systems were further cooled

down to T¼ 1600 K, deep in the undercooled region, at a

rate of 1013 K/s using the same densities. In each case, after

an equilibration period of 6 ps the simulation was continued

during 20 ps to determine the structural properties. The pres-

sures recorded in the simulation cells are 0.56 GPa for

Ca12.44 and 0.67 GPa for Ca19.40 at T¼ 2000 K, and they

reduce to 0.25 GPa and 0.36 GPa at T¼ 1600 K. The AIMD

phase space trajectories were then analyzed using the

ISAACS program21 in order to determine structure factors,

pair-correlation functions and resulting coordination num-

bers, as well as cluster statistics.

Figure 1 displays the neutron weighted average structure

factor S(Q) of (CaO-Al2O3)1�x(SiO2)x for x¼ 0, 0.12, and

0.19, compared to the AIMD curves. For x¼ 0, the simula-

tion results are those of Cristiglio et al.12 which were per-

formed at T¼ 2100 K. The simulation and experimental

results are in good agreement for all compositions. Small dif-

ferences are seen at low Q that we attribute to some finite

size effects resulting from the small simulation boxes used.

By increasing the silica content, an enhancement of the first

sharp diffraction peak (FSDP) around Q¼ 2 Å�1 is clearly

visible and could be attributed to a strengthening of network

formed with AlO4 and SiO4 tetrahedra. Interestingly, the

position of the FSDP shifts towards small Q almost linearly

(see Table I). The AIMD reproduces this trend consistently

albeit with smaller Q values.

We come now to the determination of the structural prop-

erties of the network forming (Al and Si) and the modifier (Ca)

elements through the characteristics of the Al–O, Si–O, and

Ca–O bonds. Table I details the corresponding first neighbor

distances and Table II the coordination numbers. The experi-

mental values have been extracted from Gaussian fits to

T(r)¼ 4pqrg(r), where g(r) is the total neutron weighted aver-

age pair-correlation function and q the number density. T(r) for

the experiment and AIMD is presented in the inset of Fig. 1 in

the case of Ca12.44. A very good agreement is seen albeit the

first peak is a bit more structured. We can see that the Ca–O

correlations are only visible as a shoulder on the low r side of

the peak corresponding to O–O bonds. Similar observations

can be made with x¼ 0.19. From a Gaussian fit to T(r) it is

then difficult to determine accurately the Ca–O bond length

and coordination number CNCa–O due to a large overlap with

the neighboring peaks (Al–O and O–O). In Table I, we

reported the Ca–O distances estimated with an error of

60.05 Å. A large error bar of 61 prevents any accurate experi-

mental determination of CNCa–O (not reported in Table II).

This difficulty has been also mentioned in previous neutron dif-

fraction works,12 pointing out the need of simulations. Experi-

mentally, the use a more selective technique like neutron

FIG. 1. (a) Total structure factors for (CaO-Al2O3)1�x(SiO2)x melts for

x¼ 0, 0.12, and 0.19. The red open circles are weighted average neutron

scattering experiments, and the black lines correspond to AIMD results. The

curves for x¼ 0.12 and 0.19 are shifted by an amount of 0.5 and 1, respec-

tively, for clarity. The inset shows the function T(r) for the composition

Ca12.44. The symbols and line have the same meaning as the main panel.

TABLE I. Position Q of the FSDP (Å�1), Si–O, Al–O, and Ca–O bond

length (Å) for experiment (expt.) and AIMD (FP).

Q rSi–O rAl–O rCa–O

Expt. FP Expt. FP Expt. FP Expt. FP

Ca0.50 2.09 2.00 1.79 1.80 2.32 2.30

Ca12.44 2.03 1.94 1.66 1.63 1.79 1.75 2.34 2.30

Ca19.40 1.99 1.73 1.66 1.63 1.79 1.75 2.34 2.32
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diffraction with isotopic substitution will make a more accurate

determination of the local order around Ca atoms possible.

From the simulation results, the values of the distances are

determined more precisely from the partial pair-correlation

functions (not shown), and the coordination numbers are

obtained by counting the number of O atoms in the atomic con-

figurations within a cutoff corresponding to the first minimum

in the corresponding pair-correlation functions (2.2 Å for Si–O,

2.5 Å for Al–O, and 3.3 Å for Ca–O). The Si–O, Al–O, and

Ca–O first neighbor distances are in good agreement for all the

compositions and do not show a particular evolution with addi-

tion of SiO2. For all the compositions, the coordination num-

bers calculated from AIMD simulations are consistent with the

experiment; however, a departure is noticeable for the Ca–O

bond but remains within the error bars.

A more detailed analysis of the effect on the coordina-

tion number distributions with the addition of silica can be

made from the AIMD simulation results for the compositions

x¼ 0.12 and 0.19. For Si–O bonds, the formation of SiO5 or

SiO3 units is always very rare in our simulations, and it is

well-known that Si is essentially in four fold coordination on

the tectosilicate join of aluminosilicate melts system. In con-

trast, the CNAl–O and CNCa–O and bond-angle distributions

given in Figures 2 and 3, respectively, show that the addition

of silica perturbs the Ca and Al environment.

The Ca–O bonds display a rather broad distribution

ranging from 4- to 8-fold coordinated polyhedra, centered on

6-fold coordination. The O–Ca–O bond-angle distribution

shown in Fig. 3 displays a main peak around 65� and a large

distribution above 80�. This is consistent with a superposi-

tion of cubic symmetries with specific angles of 70.5, 109.5,

and 141� and octahedral symmetry with angles at 90�. The

fact that the distributions do not have marked peak above

80� also reflects the disordered nature of melts with defective

octahedral and cubic sites with 5- and 7-fold coordinated Ca

atoms and therefore a complex environment.

For Al–O bonds, a large majority of Al atoms form

AlO4 tetrahedral units (see Figure 3); however, a significant

proportion of AlO5 units are present, as shown in Fig. 2.

They represent 18% with respect to the total number of Al

atoms for Ca0.50 (Ref. 12) and reduce to about 10% for

Ca12.44 and Ca19.40, with the addition of SiO2. When melts

are cooled below their melting temperature, the fraction of

AlO5 polyhedra reduce to 5.4% and 4.5%, respectively, for

the Ca12.44 and Ca19.40. With respect to the total number

of oxygen, the AlO5 represent 8% for Ca0.50 and reduce

with the addition of SiO2 to about 4.4% for Ca12.44 and

3.9% for Ca19.40. In the undercooled states, the fraction of

AlO5 polyhedra amounts to 2.4% and 1.7%, respectively, for

the Ca12.44 and Ca19.40. These values in the undercooled

state are close to the experimental observations in the glassy

states.5 We mention that the O–Al–O bond angle distribu-

tions, shown in the inset of Figure 3, display a preponderant

tetrahedral peak and smaller one around 160� which is a sig-

nature of the presence of AlO5 units. The decrease of the lat-

ter peak with increasing silica composition is consistent with

the reduction of the fivefold Al coordination numbers.

The present simulations also show the formation of oxy-

gen triclusters, namely three-fold coordinated oxygen atoms

with 3 Al, 2 Al and 1 Si, 1 Al and 2 Si, or 3 Si atoms without

restrictions on the geometrical nature of the local environ-

ment around the three cations linked to them. For the compo-

sitions investigated we found mostly OAl3 triclusters. For

liquid Ca12.44 the proportion of O atoms in triclusters

reduces from 14.1% in the liquid to 12.2% in the undercooled

TABLE II. Average coordination numbers for Si–O, Al–O, and Ca–O

bonds. Numbers in parenthesis are for the undercooled states.

CNSi–O CNAl–O CNCa–O

Expt. FP Expt. FP FP

Ca0.50 4.20 4.10 6.20

Ca12.44 4.12 4.00 4.15 4.07 (4.04) 6.00 (6.08)

Ca19.40 4.05 4.00 4.10 4.10 (4.06) 6.24 (6.09)

FIG. 2. Distributions of coordination numbers for Al–O and Ca–O bonds.

(a),(c) for Ca12.44 and (b),(d) for Ca19.40. The open and full triangles are

for the melts above the melting point while open and full circles correspond

to the undercooled melts.

FIG. 3. Bond-angle distribution O–Ca–O (main panel) and for O–Al–O

(inset) in the liquid state (2100 K for Ca0.50 and 2000 K for Ca12.44 and

Ca19.40). The results for Ca0.50 are those of Ref. 18.
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state. For Ca19.40, the proportions are 14.2% in the liquid

reducing to 10.7% in the undercooled state. The presence of

significant quantities of both AlO5 species and oxygen triclus-

ters reveals the complex nature of the Al–O network.22 Our

findings show, however, that the Al2O3 tetrahedral network

becomes better defined upon undercooling.

As mentioned above, the presence of non-bridging oxy-

gen has important implications on the thermal and dynamic

properties of the CAS glasses and melts. Ca atoms have the

ability to create NBO by breaking Si–O and/or Al–O bonds

and therefore to weaken the tetrahedral network. The mecha-

nisms involved in the occurrence of NBO have been reported

by Stebbins and co-workers23,24 for CAS with high silica

content and were linked to the viscosity by Neuville et al.25

A first one proposed in the seminal work of Stebbins and

Xu23 is the production of NBO from the transformation of

two BO in interaction with Ca network modifier cations.

This reaction leads also to the formation of triclusters. The

second one concerns consumption reactions of NBO to pro-

duce AlO5 units.24 The NBO occur not only when Ca atoms

are in excess with charge balancing (i.e., one Ca2þ that com-

pensates two AlO�4 tetrahedral units) but also in perfect

charged-balanced compositions.23,26 Such a trend implies

that the number of NBO cannot be predicted only with sim-

ple stochiometric arguments for charge balancing. Here, the

CA and both CAS compositions are fully charge balanced

and our simulations firmly establish the presence of NBO.

The latter have been obtained by counting the number of ox-

ygen atoms that have only one Si or one Al atom and also

one Ca atom in their first neighbor shell (the cutoff distances

defined above have been used). The distributions of the num-

ber of NBO in Ca12.44 and Ca19.40 above and below the

melting point are shown in Figure 4. In all cases, the calcu-

lated distributions show that the scenario in which no NBO

are present does not occur in our simulations.

Above the melting point, NBO have a broad distribution

centered at 18 and show only a slight decrease with composi-

tion between x¼ 0.12 and 0.19. They represent about 12% of

the total number of oxygen, respectively. The number of

NBO for Ca0.50,12 which represents 12.8%, is in line with

Ca12.44 and Ca19.40. Upon undercooling, our simulations

reveal narrower distributions with a reduction of the average

number of NBO, which evolves from 10.5% to 9.1%, respec-

tively, from x¼ 0.12–0.19. The number of NBO found with

classical molecular dynamics simulations by Cormier

et al.,27 who have reported 12.5% NBO in Ca12.44 glass, is

consistent with our results. While in the liquid the evolution

of NBO is small and probably hidden by thermal fluctua-

tions, in the undercooled state a clear reduction is seen with

increasing SiO2 concentrations. It should be mentioned that

the reduction is consistent with the decrease of Ca content,

where Ca cations act as network modifiers. Moreover, a

reduction of the NBO with temperature occurs jointly with

the reduction of triclusters and AlO5. In the undercooled

state, the proportions found for triclusters is roughly the sum

of those for NBO and AlO5. Such a result suggests for CAS

with low silica content that NBO and triclusters are mainly

formed according to the rule proposed by Stebbins and Xu,23

and the AlO5 units are formed through a consumption reac-

tion of a part of the produced NBO.24 These mechanisms

also hold at higher temperature, in the stable liquid; however,

the proportions indicate that some AlO5 could also form in-

dependently of the two other species.

In summary, we have studied the structural properties of

calcium aluminosilicate melts with low silica content namely

(CaO-Al2O3)1�x(SiO2)x for x¼ 0, 0.12, and 0.19. For this pur-

pose, we have performed neutron diffraction experiments

using aerodynamic levitation and laser heating combined with

ab initio molecular dynamics simulations to obtain detailed

information on coordination numbers and bond angle distribu-

tions, and the presence of AlO5 species, oxygen triclusters,

and non-bridging oxygen atoms. Their evolution with SiO2

concentrations and temperature has been examined. The struc-

tural analysis reveals (i) the presence of a significant amount

of AlO5 units that decreases with temperature, giving rise to a

reinforcement of the Al–O tetrahedral network; (ii) the pres-

ence of NBO for these fully charged balanced CAS melts.

Above the melting point the NBO show only a small evolution

with composition due to thermal fluctuations, while they show

a substantial decrease in the undercooled region.

More interestingly, the number of NBO, and to a smaller

extent the proportion of AlO5, decrease with increasing SiO2

concentration in the undercooled state. NBO sites can be

considered as broken links in the tetrahedral networks23 and

five-coordinated entities are thought to serve as transition

units that both favor microscopic diffusion and flow in CAS

systems.25,28–30 Their abundance thus represents an impor-

tant factor that impacts the viscosity in the liquid state.31 The

reduction of both the NBO and AlO5 with increasing SiO2

concentration found in the present work should therefore

increase the viscosity and relaxation times and hence

decrease the fragility.32 It should be of great interest to study

the fragility of these CAS melts in more detail and also with

higher SiO2 content in the stable and undercooled states in

connection with the presence of NBO and AlO5. This can be

done experimentally by combining quasi-elastic neutrons

and x-ray scattering techniques using aerodynamic levita-

tion.33 On the theoretical side, such a systematic study would

greatly benefit from the use of efficient empirical potentials.

Further work along these lines is currently in progress.

FIG. 4. Distribution of the number of non-bridging oxygen for Ca12.44

above the melting point (open red triangles) and in the undercooled melts

(open red circles) as well as for CAS19.40 above the melting point (solid

red triangles) and in the undercooled melts (solid red circles). The lines are

guides for the eyes.
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