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Abstract

High energy x-ray diffraction measurements have been performed on CaO-Al,O3 liquids
suspended in a flow of pure argon for six compositions containing 50-67 mol% CaO. The
results indicate that AlO, tetrahedra dominate the liquid structure. The radial distribution
functions show a significant broadening of the Ca—O peak occurs in the liquid compared to the
corresponding glass and, on average, each Ca is surrounded by approximately five oxygen
atoms in the melt at a distance of 2.3 A. Tt is also found that the structure for the eutectic

(64% CaO) liquid does not change measurably with temperature between 1600 and 1970 °C.

(Some figures in this article are in colour only in the electronic version)

1. Introduction

The distorted Ca—O environment in calcium aluminate (CA)
glasses described in our preceding paper [1] has stimulated a
study of the liquid structure using combined levitation and high
energy x-ray diffraction. In CA glasses around the eutectic the
oxygen coordination around Ca has been found to be four at
a well-defined distance of 2.4 A, more commonly associated
with an octahedral arrangement, with an additional smaller
coordination covering a broader range at longer distances. The
role of the Ca ion in these liquids may be linked to the findings
of McMillan and coworkers, who have suggested that changes
in the CA Raman spectra above T, may be associated with
the formation of highly coordinated Al species in the melt
or a modification in the polymerization state of the aluminate
network [2-5]. However, these authors have pointed out
that this is difficult to reconcile with the main changes in
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Raman intensity and suggested that x-ray diffraction or IR
spectroscopy be used to identify the structural changes. Large
configurational changes shown in the Raman spectra of CA
glasses above T, have been interpreted with the formation of
OAIlj; triclusters, i.e. three tetrahedral Al atoms each sharing the
same oxygen [4]. In this model O?~ ions are removed from the
fully polymerized aluminate framework to become coordinated
by Ca®>" ions, although it has been noted that these changes
appear to be rapidly reversible upon quenching the melt [5].

Liquid 50% Ca0O:50% Al,O3 exhibits a highly non-
Arrhenius behavior in the melt, forming an extremely fragile
liquid [2, 6]. Poe et al [2, 3] performed 2’Al NMR
measurements and ion dynamics simulations on liquid CA
binaries containing 30—70 mol% CaO and the results indicated
that the Al coordination at the 50% CaO composition is
close to four, although some small quantities of five-and
sixfold coordinate Al are also present. Their ion dynamics
simulations [2, 3] also showed that the average coordination of
Al by oxygen in the liquids increases from 4.2 at the eutectic
(64 mol% CaO) composition to 4.5 at the equimolar (50 mol%
CaO) composition, with the proportion of five-and sixfold Al
species increasing as the temperature is increased. The relevant
part of the CA phase diagram is shown in figure 1.

© 2008 IOP Publishing Ltd  Printed in the UK
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Figure 1. Sketch of the (CaO)x-(ALO3)(1 — x) phase diagram
around the eutectic composition based on reports by Chatterjee et al
[27] (dashed line) and Nurse et al [28] (solid line), where C
represents CaO and A represents Al,O;. The compositions and
temperatures of the liquids used in this experiment are shown as
circles, except for the eutectic composition which are shown as
diamonds.

In this work we have studied the structure of CA liquids
for six compositions containing from 50 to 67 mol% CaO
(either side of the eutectic) using a combination of high energy
x-ray diffraction, an aerodynamic levitation system and a large-
area image plate detector.

2. Experimental details

The sample environment of the CA melts was controlled using
aerodynamic levitation with a 240 W continuous-wave CO,
laser beam heating system. Similar techniques have been
applied in prior work [7] but in this study we have integrated
the system on a high energy x-ray diffraction beamline [8].
The advantages of high energy diffraction for bulk liquid
and glass studies include small attenuation and multiple
scattering effects on millimeter-sized samples and the ability
to access large momentum transfers [9]. The levitator was
enclosed in a purpose-built stainless steel chamber equipped
with thin (0.04 mm) Kapton windows that transmit x-rays
with virtually no attenuation or scattering at this energy. A
diagram of the levitation instrument is shown in figure 2.
The instrument was integrated with beamline 11 ID-C at the
Advanced Photon Source (APS), USA. The experiment was
performed in transmission geometry and diffraction patterns
were collected using a Mar345 image plate detector carefully
mounted orthogonal to and centered about the x-ray beam. The
direct beam was blocked with a short length of 3 mm diameter
tungsten rod that was mounted in front of the image plate. An
image plate area detector was employed instead of an energy-
discriminating point detector because the structure changes
in CA melts and supercooled liquids are highly metastable
(occasionally minute single crystals were observed to suddenly
form when the droplet orbit became unstable and touched the
levitation nozzle, only to re-melt in the undercooled liquid).
Therefore a fast (area) detector system was suitable. The
advantages of fast measurements are also important in the
study of transient structural changes which may be observed
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Figure 2. The conical nozzle levitator enclosure on beamline
11-ID-C at the APS showing a class 1 system which contains the
embedded class 4 laser. The high energy x-ray and laser beams are
coincident on the top half of the levitated CA bead (cross section
view in top left corner) and the apparent temperature is monitored
through an oblique 45° view port. The x-ray beam exit angle is

nominally 20° to allow a maximum Q value of ~20 A~ to be
obtained using an incident energy of 115 keV.

on supercooling, as has been recently demonstrated by Hennet
et al [10].

Samples of 2-3 mm in diameter were made from binary
(Ca0)x-(Al,03)(1 — x) compositions containing x = 50, 57,
62.5, 63, 64 and 67 mol% CaO. Negligible mass loss (<1%)
was detected and after the high temperature levitation runs
indicating that there are no significant changes in composition
during the experiment. The samples were levitated in a flow of
pure argon gas and melted with the laser beam from above. An
x-ray beam of | mm x 1 mm in size was directed only onto
the top half of the sample, above the equator corresponding to
the top of the levitation nozzle. The image plate was exposed
for eight, 30 s intervals. The use of short data acquisition runs
prevented saturation of the detector if crystallization occurred.
Data from eight runs was summed to improve the counting
statistics. The image plate was erased after each exposure and
for several times if saturation occurred, until the Bragg peaks
disappeared. No Bragg peaks from the levitation nozzle were
observed in any liquid spectra.

3. Data reduction

The sample—detector distance (449.4 mm) and tilt angle
(0.722°) of the image plate were found by the refinement of a
polycrystalline CeO, standard, using the software FIT2D [11].
A software mask was applied to the lower portion of the two-
dimensional image plate data to discard scattering from the
sample which had been attenuated by the levitation nozzle.
For a liquid where density fluctuations are governed by the
diffusive part of the isothermal compressibility, the corrected
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Figure 3. The measured high energy x-ray structure factor Sx(Q) for
the CA liquids for several compositions. Also shown are the
calculated S(0) limits (stars; see equations (1)) and dashed lines
interpolating to the first measured point in the S(Q) spectra. Curves
are offset for clarity.

X-ray intensity may be written as [12]

S(0=0) -1

2
= (pKBTxT (T)—Zc,»f,?(m) / (Zqﬁ«») (1)

where p represents the number density, x7(7') is the isothermal
compressibility of the liquid at temperature 7" and f;(Q)
represents the form factors. For these experiments we assume
that pKpT x7(T) ~ 0 and there is negligible charge transfer
between ions, reducing equation (1) to S(Q = 0) — 1 =
(=Y azZhH/Xc Z:)*. This limit is represented by the stars

1 1
in figures 3 and 4.
The x-ray structure factors, Sx(Q), shown in figure 3

were obtained up to O ~ 16 A using the program
PDFGETX2 [13] by applying standard corrections as well
as those required for the image plate geometry, including
a constant subtracted from the background at the level
of 10%. This offset value was iteratively determined by
comparing the structure factor to the calculated S(0) value
described above. The additional correction is not due to
sample attenuation which has typical values around 0.98-
0.99 across our compositional range. A separate background
measurement performed a few mm above a levitated crystalline
sapphire sphere was also made as a function of temperature
to investigate the effect of the density of the levitation gas on
the background at different temperatures. Only effects at the
1.5% level were found between 1900 °C and room temperature.
A likely explanation for this relatively small residual offset
is the difficulty in completely erasing the phosphor screen
of the image plate detector, an inherent problem with these
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Figure 4. Comparison of the total x-ray structure factor for the
50%Ca0:50%Al,0; liquid from this study (thick black line
represents measured S(Q); blue dashed line represents S(Q) after
removal of the unphysical oscillations at low r) and previously
published data (red dotted line) [16]. Also shown are the calculated
S(0) limits (stars, see equation (1)).

types of detectors despite their low background. Nonetheless,
the relatively small differences between the reduced S(Q)
and the Fourier back-transform (where the unphysical low-
r oscillations have been removed) are shown in figure 4 and
indicate the reduced S(Q)’s are reasonable.

The apparent temperature of the levitated sample was
measured using an optical pyrometer (Mikron model M90-
V, Mikron Infrared, Inc., Oakland, NJ) that operated at a
wavelength of 0.650 um. The pyrometer was equipped with
two lenses that enabled imaging of the small droplets at a
working distance of approximately 0.2 m. The pyrometer
viewed the sample through a clean optical quality Pyrex
window installed in the chamber. Apparent temperatures
acquired from the pyrometer output were corrected to give
the true temperature using Wien’s approximation to Planck’s
law and the corrected temperatures are reported throughout
this paper. Temperature corrections were made for reflections
from the surfaces of the two lenses, surfaces of the Pyrex
window and the emissivity of the sample. The latter was
calculated to be 0.92 from the estimated index of refraction
of the liquid. Thus, the effective emissivity used to correct the
apparent temperatures was 0.716, obtained by accounting for
the three factors described above. The estimated temperature
measurement errors due to emissivity errors and temperature
gradients that occur in the melt are 25 °C. Measurements are
shown at ~1810 °C for all the CA liquids, as shown in figure 1.
Details of the temperature measurement correction procedures
have been reported elsewhere [14].

4. Results

The measured x-ray structure factors and radial distribution
functions obtained using the densities given in [15] for CA
liquids and our previous paper on glasses [1] are shown in
figures 3—8. Hennet er al [16] have measured the x-ray
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structure factor of liquid 50%Ca0:50%Al,03 and we compare
this digitized curve to our data in figure 4. The main difference
between the curves is the presence of a downward slope
towards high Q on the data in [16], causing a shift in the
position of the first peak. The temperature dependence of
S(Q) for the 64% CaO (eutectic) liquid shows little variation
between 1970 and 1600 °C, yet the spectra are still significantly
different from the room temperature glass. This supports
the work of Hennet et al [16] who have argued that large
structural variations do not occur in this liquid until much
lower temperatures close to 1.257, = 1031 °C for the eutectic
composition [17].

Figure 5 shows the radial distribution function G () for
the CA liquids and figure 6 compares the liquid and glassy
structure factors. Figure 7 reports the differential distribution
function D(r) for the 66.7% and 57.1% CaO liquids, in
comparison with their glassy analogs. From the first peak
position in the radial distribution function we find the AI-O
bond distance in the liquid elongates slightly from 1.7940.1 A
in CA glasses to 1.8140.1 A, and the Ca—O correlation appears
as a weak feature around 2.3 A. On the basis of bond valence
theory [18] this is consistent with the dominant Al species
being coordinated by four oxygens in both the liquid and the
glass and may simply reflect the thermal expansion of the AlO4
tetrahedra at higher temperatures. We also note that, in the
CA2 (33.3% CaO) crystal [19], the Al-O bond distance is
1.806 A for a tetrahedral tricluster and 1.715 A (67%) and
1.778 A (33%) for non-tricluster tetrahedra. Similarly the
CA6 (14.3% CaO) crystal, which consists of AlOg, AlOs and
AlOy4 units [20] has a Al-O bond distance in the range of
1.806-1.999 A for AlOs and AlOg polyhedra; and the Al-O
bond distance varies in the range of 1.795-1.810 A for AlO4
polyhedra. This suggests that typically a 2-5% increase in
the Al-O bond length may be associated with the formation
of AlOy4 tetrahedral triclusters from a non-tricluster AlOy4
network, and on average there is a 6% increase in the AI-O
bond length associated with the formation of higher coordinate
polyhedra in the CA system. Since no significant change is
measured in the Al-O bond length in the liquid compared to
the glass in this study (~1%, around the limit of the error),
we interpret this as an indication that the melt is dominated
by AlOy tetrahedra, although the formation of a significant
fraction of tetrahedral triclusters and AlOs, AlOg units in the
melt is certainly possible.

Hennet et al [16] fitted Gaussians to the Al-O and Ca-O
peaks in the x-ray diffraction data to give coordination numbers
of 4.5+ 0.5 and 5.5 £ 0.5 for the CA liquid at 1900 °C. They
also found similar values of 4.4 £ 0.5 for the Al-O peak and
5.4 £ 0.5 for the Ca—O for Al-O and Ca-O from neutron
measurements on the liquid using the same analysis [21]. An
estimate of our Al-O coordination number using just the first
half of the peak in G(r), and assuming it is symmetric, gives a
value of 4.2 £ 0.5, but with a similarly large error bar.

The position of the high-r shoulder on the first peak
around 2.3 A is most clearly observed in the 66.7% CaO
composition (shown in the top plot in figure 5). Weighted
differences taken between radial distribution functions at
different concentrations and the 50% CaO function have been

66.7 mol% CaO |

G(n)

0.3

0.2 1

AG(r)

0.1 1

~~~~~~~~~~~ 57.1%-0.876.(50% CaO)

0.0 S — 63.2%-0.791.(50%) |
' —— 66.7%-0.750.(50%)

2 3 4 5
r(A)

Figure 5. Top: the radial distribution functions G (r) for the CA
liquids (solid line) obtained from a Fourier transform of the curves
shown in figure 3, with the unphysical oscillations shown as dotted

lines at low r. The data were truncated at Q,.x = 16 A" and
Fourier-transformed with a Lorch modification function [29].

The curves are offset for clarity. Bottom: the differences

AG(r) = G*(r) — (50/x)G>°(r) obtained for x = 57.1%, 63.2%
and 66.7% highlight the increase in Ca—O correlations.

obtained using the formula AG(r) = GX(r) — (50/x)G°(r),
where x represents the mole fraction of CaO. These are shown
in the bottom plot of figure 5 for x = 57.1%, 63.2% and 66.7%.
In the difference curves, the position of the CaO peak is clearly
resolved and is found at a distance of 2.28 £ 0.03 A for x =
57.1%,2.29 £0.02 A for x = 63.2% and is at 2.31 £0.02 A
for x = 66.7%. These Ca—O distances are consistent with a
Ca—0 coordination of about five on the basis of bond valence
theory, which predicts a Ca—O distance of 2.22 A for fourfold
coordinated Ca by oxygen, 2.31 A for fivefold and 2.37 for
sixfold [22]. We note that crystal structures in this region (CA,
C2A) typically have Ca ions sevenfold coordinated by oxygen
with Ca—O bond distances ranging from 2.31 to 2.82 A. These
peak distances are similar to those obtained by Hennet er al
[16, 21] who found a peak at 2.34 4 0.03 A using neutron
data and 2.30 £ 0.05 A using x-ray data for the 50% CaO
composition. However, additional CaO correlations at longer
distances may be likely based on the glass results discussed in
our preceding paper. The Ca—O coordination numbers were
not calculated directly in this study due to the heavy overlap of
the Al-O and Ca-O peaks in the liquids and the complication
of the observed shift in Ca—O peak position between the liquid
at 1810 °C and the glass.

The third peak and high-r shoulder in the glassy x-ray
radial distribution functions (see figure 7) are expected to have
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Figure 6. The measured high energy x-ray structure factor Sx (Q) for
the 66.7% CaO (thick blue line) and 57.1% CaO liquids (red line) in
comparison with those for the corresponding CA glasses (black
dotted lines). Curves are offset for clarity.

contributions from the Al-Al (~3.1 A), Ca—Al (~3.4 A), Ca—
Ca (~3.5 A) and O-O (~3.3 A) correlations on the basis
of recent molecular dynamics simulations [23, 24]. Also of
importance for our work is the second-nearest neighbor Al-Oy;
distance, which is expected to be at ~4.43 A.

5. Discussion

The main changes observed in the liquid spectra compared to
the glass are manifested by a large reduction in the height of the
first diffraction peak in S(Q) (see figure 6) and a broadening
of the oscillations between Q = 7 and 13 A™'. The first peak
at2.20 A~ in 66.7% CaO liquid shifts to 2.17 A~ in the 50%
CaO liquid, with a reduction in intensity as the Al,O3 fraction
increases. The intensities of the features at 2.93 and 5.90 A~
also decrease with increasing Al,O3 fraction. The high Q
oscillations beyond 7.0 A" are associated with short range
order structure and remain similar for all CA liquids, and these
features are much more diffuse than those of the corresponding
glasses.

Previously, Poe et al [2] have suggested, based on ion
dynamics simulations, that the proportion of AlOs and AlOg
might increase with increasing temperature in CA liquids:
however, there is no significant change in our results for the
eutectic liquid measured over a 370 °C temperature range, so
any changes in population in this temperature region are likely
to be minor. In more recent molecular dynamics simulations
Wu et al [24] suggest that the Al-O coordination is tetrahedral
across the entire compositional range of the melt. This is
consistent with our interpretation, based on the relatively small
increase in AI-O bond length between the liquid and the glass
described previously. Wu et al [24] also predict an increase in
tetrahedral tricluster population with increasing Al,O3 content,
which is associated with a broad increase in the Al-Al partial
around 4.5 A. Our sensitivity to this partial structure is low
in this experiment but a consequence of this structural change

66.7% CaO

57.1 % CaO

-2 n 1 n 1 n "
0 2 4 6 8
r(A)

Figure 7. The radial distribution functions Dy (r) for the 66.7% CaO
(thick blue line) and 57.1% CaO (red line) liquids, obtained from a
Fourier transform of the curves shown in figure 6, in comparison
with those of CA glasses (black dotted lines). The data were

truncated at Q.x = 16 AT and Fourier-transformed with a Lorch
modification function [29]. The curves are offset for clarity.

—— 66.7% CaO
s . e 62.5%
-— 57.1%
——50.0%

2 1 1 1 1

r(A)
Figure 8. The radial distribution functions r Dy (r) for the CA

liquids obtained from a Fourier transform of the curves shown in

figure 3. The data were truncated at Q. = 16 Afl and
Fourier-transformed with a Lorch modification function [29].

may appear indirectly in other correlations, particularly the Al—
O and Ca-O.

Figure 7 shows the distribution functions D(r) =
4xpr[G(r) — 1] for the 66.7% and 57.1% CaO liquids, in
comparison with glasses. The most dramatic change in the
liquid D(r) compared to the glass is the broadening and shift of
the Ca—O correlations, suggesting that Ca polyhedra are highly
distorted in the liquid state. In both the 66.7% and 57.1%
CaO distribution functions the CaO peak shifts from ~2.40 A
in the glass to ~2.25 A in the liquid. The third peak in the
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x-ray radial distribution function (figure 7) also changes, from
abroad feature at ~3.3 A in the liquid state to a peak at ~3.5 A
in the 66.7% CaO glass and a peak at 3.23 A plus a shoulder
at ~3.6 A in glassy 57.1% CaO. At composition 66.7% CaO,
the increase in intensity of the third peak in the glass compared
to the liquid appears to be entirely due to the sharpening of the
local Ca—O peak, i.e. the existence of more well-defined CaO,,
polyhedra and enhanced connectivity, as no significant changes
occur in the intensity of the Al-Oy (1.81 A) or AlOy; (4.46 A)
peaks. This is not the case at 57.1% CaO where both sharper
Al-O and CaO peaks appear in the glass radial distribution
function. A possible explanation for this is that at 67 mol%
CaO the Al framework is already broken up and only exists in
small fragments, whereas at 57 mol% CaO the Al network is
still the dominant network. A similar situation has been found
close to the Mg,SiO4 composition around 67 mol% MgO [26]
where the dominant network component changes from SiOj to
MgO,, (n =4, 5, 6) when the silica content is decreased.

The barely resolved CaO peak in the 50% CaO liquid
shown in figure 5 has also been reported by Hennet et al
[16]. However, these authors also report a series of short
experiments on supercooled and glassy 50% CaO which show
no distinct CaO peak which may be an artifact of their limited
QO range. A consequence of the observed shift in CaO peak
position between the CA liquids and glasses (in figure 7)
is that it will influence the first peak position and change
in Al-O coordination number as a function of temperature
as T, is approached. This confirms the concern of Hennet
et al (equation (2) in [16]) that their first peak position
values are affected by changes in the overlapping CaO peak.
Interestingly, these authors [16] report a kink in the cooling
curve of a 50%Ca0:50%Al1,03 liquid in an aerodynamic
levitator and attribute this feature to a change in the melt’s
thermodynamic properties. If so, this would provide a valuable
connection between the thermodynamic and kinetic fragility of
the melt. However, we suggest an alternative explanation, by
noting that the dominant heat transfer mechanism shifts from
radiation (T*) to convection (7 linear) at ~1200°C (where
T = temperature) and there is an associated change in slope of
T versus time when this occurs. There can also be changes in
emissivity at lower 7" where some oxide melts become partially
transparent.

The structural variations with composition in the liquid
state at higher distances are highlighted in figure 8 by
showing the function r D(r). This plot tentatively indicates
that compositional changes may not have a linear effect on
structure. Between 57.1% and 62.5% the local Al-O and
Ca—O polyhedral structures are very similar, with the main
structural changes occurring around the 6.63 A peak which is
tentatively attributed to Ca-related correlations. On the basis
of molecular dynamics simulations Wu et al [25] have argued
that the existence of triclusters through bridging oxygens is
responsible for charge balance in the melt and the location of
the Ca ions. In their simulations the CaO coordination number
decreases slightly with increasing CaO content from 6.1 at
50 mol% CaO to 5.5 at 70 mol% CaO. However, no details
of the simulation CaO radial distribution function is reported
to compare to our data.

In terms of our diffraction measurements one possible
explanation based on the crystal structures is a change in
the Ca—Ca edge:face sharing ratio. This model, although
speculative, may be used to explain the shift of the local Ca—
O (probably through a redistribution of correlations to higher
r values) in the glass compared to the liquid at the eutectic
composition. We note that for Mayenite (C12A7, 63.2% Ca0),
the edge sharing Ca—Ca distance is 3.679 A, and for C5A3
(62.5% Ca0), edge sharing distances can be as short as 3.21 A,
whereas the corner sharing Ca—Ca distances are as long as
490 A. However, the cause of the redistribution of Ca—Q
bonds is likely to be a consequence of changes in the strong
Al-O framework. The data are therefore consistent with the
OAlj; tricluster model previously proposed by McMillan and
coworkers [4]. If so, this would tend to suggest that the
structural changes are driven by a competition for oxygen
and reflect the ability of more structural configurations to be
accessed in the liquid state compared to the glass. Moreover,
the variation in Ca—O coordination number between different
glass studies suggests that the glass structure may well be
sensitive to quench rate. Compositional and connectivity
changes between polyhedra near the eutectic composition are
most likely associated with the opposite trends observed for
the O-O peaks in the 3—4 A region of Gx(r) between the
57 mol% and 67 mol% CaO compositions in the glassy and
molten states.

Given the differences in CaO peak distances between
the glass and liquid states in the CA system, the important
role of oxygen may be an important factor in determining
how the liquid structure evolves with temperature. At high
temperatures, increased entropy may tend to evaporate oxygen
from the melt. If the liquid is then rapidly cooled, it may
result in a small oxygen deficit and hence modify the resulting
structure [26].

6. Conclusions

In CA melts, the almost identical position of the first peak in
the radial distribution function, compared to the glass suggests
that AlO,4 species remain the dominant aluminate polyhedra.
It is also found that the structure for the eutectic (64% CaO)
liquid does not change measurably with temperature between
1600 and 1970 °C. However, a dramatic broadening of the Ca—
O peak occurs in the liquid spectra compared to the glass and
the shift in position of the shoulder to 2.25 A indicates that,
on average, each Ca is surrounded by five oxygen atoms in the
melt on the basis on bond valence theory, although additional
Ca—O correlations at longer distances are possible. The Ca
disorder appears to be the main structural change between the
liquid and the glass at the 66.7% CaO composition, whereas
both Ca and Al disorder occur in the liquid at the 57.1% CaO
composition. This may indicate the number of Al units have
become dilute enough by 67 mol% CaO that the Al network
has become largely de-polymerized. For future work more
detailed molecular dynamics simulations are required to fully
explain the observed differences in CaO correlations between
the liquid and glassy states in these fragile materials.
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Note added in proof. 1t has come to our attention that a new NMR
heteronuclear correlation technique has recently provided comprehensive
experimental proof of the presence of ~5% oxygen triclusters in CaAl,O4
glass [30] representative of the liquid state structure at 7, = 1180°C.
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