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Abstract

NMR chemical shift and Raman scattering measurements have been performed on molten and drop-quenched samples of the La-monazite
containing ternary system gD;—CaO-LaPQ. In Al,O;—LaPQ melts without CaO modifier, the observed chemical shift’éd increases

linearly towards~72 ppm with increasing LaPOFor G,A; (Ca,Al14033) melts, increasing LaPQeads initially to little change in the

strongly tetrahedr&f Al chemical shift (-85 ppm), but between 25 and 50% LaP®e shift sharply decreases, indicating strong Al bonding
changes. Liquid CALaPQ, samples exhibit only moderate shift variations with LaROntent. These dependenceg@l chemical shifts

upon melt composition are reflected in substantial observed differences between molten and quenched samples, and may be related to the
strong variations seen in physical properties of higher phosphate glasses. Quenched samples aleOg-thaP&}, join fractionate into

distinct phases, but CaO content acts to suppress phase separation and often results in glass formatighAARam&H? NMR spectra of

glassy samples indicate a structure based upon orthophosphate groups, each associated with one or more Al atoms in P—O-Al linkages. At
75% monazite content X-ray spectra of quenched samples show the presence of the crystalline double phosp{R@k)taCa
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1. Introduction amined by ultra high-temperatuféAl NMR in the molten
' staté—* and by conventional NMR of aluminum and phos-
The refractory compound La-monazite (Laf)®as re-  phorus at room temperature. NMR allows monitoring of the

cently attracted interest because of its potential usefulness ina| and P chemical environments via shifts in the NMR fre-
extreme environments, in applications such as coatings forquencies of the nuclei studied, as explained below. The sep-
aircraft engine turbines or heat-resistant tiling for space ve- arate ranges of’Al chemical shifts for four-, five-, and
hicles. Industrial processing involves the interaction of mon- sjx-fold oxygen coordination, as well as the range§]@f
azite with ceramics, and to broaden understanding of this shifts for different PQ tetrahedral unit linkages, are strong
subject we have undertaken the study of a ceramic multi- indicators of AO and P-O bonding. Drop-quenched sam-
component system containing La-monazite as a major con-ples were monitored for composition, uniformity and crys-
stituent. . tallinity via electron microprobe measurements and X-ray
Samples belonging to the system@;-CaO-LaPQ, diffraction. Most of the samples containing CaO were found
with monazite concentrations from 2 to 100 mol%, were ex- tg pe glassy, whereas CaO-free quenched samples separated
into their AlbO3 and LaPQ constituent phases. Raman spec-
* Corresponding author. tra of the g!assy samples show vibratipna] modes found in
E-mail addressRobert.Marzke@asu.edu (R.F. Marzke). widely studied phosphate glasses, which involve structures
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with groups of atoms that move together or in opposition. 2 z
The presence of these modes in the spectra reveals the pres-
ence of such groups, e.g., P@trahedra, and is thus highly H T
diagnostic of the nanostructure of the glass.

X y Mo x y
2. Experimental M /ﬁ_‘

Ultra high-temperature measurements of the chemical
shift of 2’Al were performed between 2000 and 25@on () (b)
molten samples levitated in the bore of a superconducting
magnet via an Ar gas flow through a convergent—divergent Fig. 1. (_a) Application of a90r.f. pulse along_thx-axis, rotating t_he r_1uc|ear
nozzle machined from BN. NMR spectra were taken on a Var- magnetllzatlon about;. (b) Larmor precession of the magnetization about
ian CMX Infinity 300 MHz solids instrument, equipped with thezaxis.
a custom-built NMR probe. A C&aser, square-wave modu-
lated with variable pulse length to control output power, was
employed for sample heating, and was operational throughoutpositions, in molecules or solids. These small differences
NMR data acquisition. Details are discussed elsewhere. are caused by well-known electronic interactions with the
While levitating, the molten sample is highly spherical, with external dc fieldHp, and are known as chemical shifts. On
diameter approximately 3 mm. the other hand, nuclei in chemically or physically identical
NMR is well known to be a powerful technique for the positions in a sample have the same value of shift. The
investigation of nanostructure, and it is worth reviewing the spectrum thus consists of lines at different frequencies for
general approach used in acquiring NMR spectra. First, aan isotope having different positions or chemical bonding

sample is placed in a large dc magnetic fielgland sub- within the sample, as can be seen in protord3@ spectra
jected to a short, high-power pulse of electromagnetic ra- of many organic compounds, as well as3fAl spectra
diation, whose radio frequency magnetic figfd is ori- of solid oxides. The intensity of each line is proportional

ented along an axis perpendiculariig. The angular fre-  to the number of nuclei in a given chemical environment,
quency of this pulse is close to the natural angular frequencye.g., to the numbers 6f Al nuclei in four-, five- or six-fold

of precessionw, of the individual nuclear magnetic mo- coordination with O. This yields valuable information about
ments of a sample abotty, called the Larmor frequency. samples, especially those having no long-range or crystalline
This frequency is directly proportional to the dc field and order.

the constant of proportionality, called the gyromagnetic ra-  In our measurements of chemical shifts, all observed
tio and denoted by, is characteristic of the particular nu-  frequencies were referenced to standards, such #sial
cleus under study, e.g., the protdid} or aluminum ¢’Al) ~1M solutions of AI(NGQ)s3. Referencing in this man-
nucleus. ner is necessary because the shifts themselves are rela-

The effect of the r.f. pulse is to rotate the sample’s en- tively small, of order parts per million (ppm). The dc field
tire assembly of nuclear magnetic moments, i.e., its nuclearHp must also, therefore, be highly homogeneous over the
magnetization, about the axis Hf. Applying the pulse for sample.

a few microseconds, typically, results in rotation of the sam-  In solid samples with fixed nuclei, precession frequencies
ple’s initial magnetization by 90 causing the magnetization even vary from one chemically equivalent position to another,
to precess thereafter at the Larmor frequencyin a plane owing to the presence of small random, internal magnetic
perpendicular tddg (Fig. 1) fields. A common type of local field is the nuclear magnetic

Second, the precessing magnetization induces oscillatorydipole field, which has for its source the nuclear moments of
signals in a radio frequency coil surrounding the sample, the sample itself and may produce NMR line widths of several
which are amplified, recorded and then processed. The sig-kilohertz. In most liquid samples, however, extremely rapid
nals eventually decay, as the nuclear spins relax back to ther-movements of an atom or molecule cause a nucleus to sample
mal equilibrium. The induced signal is thus called the free many spin environments at rates far above the external field's
induction decay (FID), and in liquids or samples whose in- contributionyHg to the precession frequency. The nucleus
ternal constituents are in rapid motion, it is usually a set of then precesses at a rate that is the motional average of the
decaying exponentials. local field contributions to the frequencies of precession in a

Fourier transformation of the FID yields the NMR solid. For nuclear dipole fields this average is exactly zero.
spectrum, which reflects the fact that nuclei in inequivalent 2”Al spectra of a molten Al oxide sample thus exhibit a well-
positions in molecules or nanostructural units of a sample defined, single NMR frequency, with a shift that represents a
generally precess at measurably different frequencies. Thatweighted average of shifts for four-, five- and six-fold oxygen
is, the ratiow| /Hp is usually not precisely the same for coordination, as well as of shifts arising from other nuclear
nuclei of the same isotope in structurally inequivalent interactions. This effect is known as motional narrowing of
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the NMR line, and is the reason why these lines are very sharp2.1. Synthesis of (£ x)Al,O3z:xLaPOy
in molten ceramics, as opposed to several kHz broad in the
solid. Powders of the components were sintered, crushed,
In our experiment$’Al free induction decay signals were  pressed, then melted in an image furnace and quenched in
typically acquired on our Varian 300 MHz solids spectrome- water, to form approximately spherical samples of diame-
ter at settings of 50 kHz bandwidth, 40 W r.f. pulse power, ter ~3 mm. This sample morphology is required for levita-
20Hz pulse repetition frequency, 4096 point acquisition tion in the liquid-state NMR experiment. Starting values of
length and 17%s 90 r.f. pulse length. Very rapié’Al spin- LaPQ, were 2, 5, 25, 50, 75, 87.5, and 100 mol%. X-ray
lattice relaxation, due to substantial quadrupole coupling in diffraction and electron microprobe analysis of samples pre-
ceramic melts, was observed in all molten samp&Fem- pared by these procedures showed bulk compositions gener-
perature measurements were performed using the techniqually close to those of the starting materials, and in addition
of spectroradiometr§;8 and are accurate #25°C. In the the presence of two or more phases. At least one of the phases
liquid state, theé’Al chemical shift was found to be remark- was strongly alumina-rich, while another consisted mainly of
ably insensitive to temperature, varying less than 2 ppm from LaPQ;. MAS NMR of both2?Al and 3IP in the solid state
melting to 2450 C. This observation is generally consistent confirms this phase separation.
with previous measurements in molten alunfimad in the
CaO-AbO3 system? 2.2. Synthesis of (& X)C12A7:xLaPOy and
Solid samples were characterized at room temperature by(1 — x)CA:xLaPQ
27Al and 3P NMR measurements, performed either in the
high temperature probe after sample melting and cooling, or  These samples were made by a more complex procedure
separately in a type of probe used only for solids and called than the ApO3:xLaPQ, above. Starting materials for these
a Magic Angle Spinning (MAS) probe. In this probe, the sample preparations were AR grade Ca(®H)T. Baker),
sample is rapidly spun around an axis oriented at an angleand high purity AbO3 (Mitutoyo Chemical Co., Tokyo),
0, called the magic angle, with respectHlig. This angle is calcined 6 h at 600C, then ball-mill mixed and melted to
precisely set to satisfy the relation 386s- 1=0. The fast make G2A7 and CA. After synthesis of bulk A7 and CA,
spinning, typically at frequencies from 3 to 10kHz in our LaPQ-5H,0 (Alza) was added in the amounts 12, 25, 50
MAS probe, results in strong motional narrowing of NMR and 75 mol% by ball-mill mixing, followed by sintering at
lines in solid samples and makes it possible to accurately de-50-100°C below the mixture’s melting point (ranging from
termine their chemical shifts. F6tP the standard reference 1200 to 1600C). This sequence of heating avoided loss of
used was 85 mol% PO, in water, and MAS spectra were phosphate from the reaction mixture. The sintered ceramic
obtained at a spin rate of 6.5 kHZAl MAS spectra were  was then re-powdered by ball mill, compressed into a rod
also taken at room temperature, using as reference a solutiormold at 5000 psi and resintered. The sintered rods were trans-
of AI(NO3)3 at low concentration. formed into~3 mm diameter glassy beads by rapid drop
Raman spectra of quenched samples were obtained usguenching into water in the image furnace.
ing a SpectraPhysics Model 2020 argon ion laser operating
at 514.5 nm. Incident light is directed along the optical axis
of an Olympus BH-2 microscope fitted with a Mitutoyo ob- 3. Results: electron microprobe and X-ray
jective (SL50x with N.A.=0.42). Backscattered radiation is
collected and dispersed via a 600 groove/mm grating housed LaPQ, dissolves or disperses into the ceramic melts, as
inside a Jobin Yvon Triax 550 spectrometier 0.55m). The evidenced by the disappearance of initially formed islands
Raman signal is detected with a Princeton Instruments modelof monazite into the final drop-quenched beads. The beads
1100PB LN-cooled CCD detector and Princeton Instru- themselves exhibit widely varying microstructures, some
ments Detector Controller. Spectra are processed and disbearing microcrystalline structures while others appear
played on a desktop computer using CSMA Spectrometric strongly glass-like, depending on the initial compositions.
Multichannel Analysis Software. In electron micrographs of most calcium-containing beads
Electron microprobe measurements were performed on(CA-LaPQ, and G2A7-LaPQ joins), only one phase is
a JEOL JXA-8600 instrument in the Department of Chem- apparent. However, in some of these beads, phase separation
istry and Biochemistry at Arizona State University. Elec- was evident along both joins with distinct Lal@egions
tron probe samples were prepared by mounting shards of the(containing no Ca or Al) observed along grain boundaries
quenched material in epoxy and polishing in a mineral oil between larger (Ca, La) aluminophosphate domains. The
medium. Water was avoided as a polishing medium since it compositions of the different regions were determined from
was found that the presence of water could result in substan-electron microprobe measurements. Electron microprobe
tial alterations in the phosphate-containing samples. Powderanalyses indicate that for samples prepared along the joins
and single crystal X-ray diffraction spectra were taken on up to 50% LaP@, the compositions within the large glassy
a Siemens D5000 spectrometer in the department’s X-rayregions were essentially the same as the nominal starting
Facility. bulk compositions. However, in the 1@A7 75% LaPQ
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sample, the glassy regions are somewhat depleted in 4.aPO 86 - : : - -
having an average LaR@ontent of about 63%t3). ‘ o
X-ray diffraction spectra were also taken on powdered 8 r 7
samples of the drop-quenched beads. The diffraction pat- 82 I @c |-
terns taken from the 75% LaRGamples along both CA A CA
and G>A7 joins display very weak, sharp peaks of micro- 80 -
crystalline LaPQ, along with a much stronger, broad, amor-
phous background characteristic of a glass. The intensities of
the small LaPQ@ peaks varies little from sample to sample.
The XRD line pattern in ©A7:75% LaPQ also shows
the presence of a double phosphate, L#{B&y)3.1° This 74 - 1
compound apparently is only slightly soluble in the matrix L n A
of glassy alumina—calcia—monazite samples. As the LlaPO
content is decreased along this join, the intensity of the 70 w ! ! ! ! w @
diffraction peaks arising from the double phosphate is ¢ 10 20 3 40 50 6 70 80
sharply reduced. In the 50% samples a careful analysis Initial per cent LaPO,
reveals only trace amounts in some samples, and in the 25%

sample group we have been unable to detect its presencéig. 3. Chemical shift of’’Al vs. starting mol% LaP@ measured in
despite an extensive search. (1—-x)C12A7:xLaPQ; and in (1- x)CA:xLaPQ at temperatures near
2150°C. Data for pure @A7 and pure CA agree with those of Poe etal.

78 N §
76/ .

Chemical Shift (ppm)

4. NMR measurements: liquid samples azite is between 25 and 50%i¢. 3). Near this composition,
the 27Al chemical shift strongly decreases, approaching a

The chemical shift of7Al behaves differently for the value of~71 ppm at high monazite fraction. Samples along
three pseudo-binary melts studied,~{k)Al,03:xLaPQy, the (1— X)CA:xLaPQy join show intermediate behavior, dis-
(1—X)C12A7:xLaPQy and (1— X)CA:xLaPQu. Fig. 2 shows playing a rel_atively weak dependence of Al chemical shift
our findings for (1— x)Al,0s:xLaPQy at temperatures near ~UPON monazite content.
2150°C. The shift varies linearly with composition, start-
ing at the 58.5 ppm value for pure alumina and increasing to
68 ppm at 75% LaP® Thus, the Al-O coordination inthese 5. NMR measurements: quenched samples
samples becomes increasingly tetrahedral with LaBah-
tent. The LaP@-rich limit of the Al chemical shift in these Room temperaturé’Al chemical shifts of the samples
melts is approximately 72 ppm. show differences from as well as similarities to the liquid

By contrast, for the ©A7-based samples inthe same tem- shifts of Figs. 2 and 3 Along the pure alumina—monazite
perature range tiéAl shift does not depart fromiits strongly ~ join, there are no changes with composition, the shift re-
4-coordinated value of 85 ppm, until the starting level of mon- maining that of pure alumina over the entire range. This is
consistent with EM and XRD observations of immiscibility
of Al,03 and LaPQ below melting along this join, provid-
ing further indication that the linear shift behaviorkfy. 2
is characteristic of atomic mixing of the two components in
the melt.

Along the G2A7—-LaPQ; join, however, strong variations
of 27Al shift with composition occur, as seen fig. 4 The
glass shifts lie below those of the solid, but remain in the
range of tetrahedral Al-O coordination until 50% LaRO
where the?’Al NMR line’s width strongly increases and its
peak position dramatically decreasestb0 ppm, within the
range of five-fold coordination in phosphate glasses. Al has
thus become largely five-fold coordinated in the 50% LaPO
glass, whereas it remains mainly tetrahedrally coordinated in
the liquid, inFig. 3. This change is taken to mean that the
glass transition quenches in a melt structure characteristic of

Initial Percent LaPO, atemperature well below those of our levitated melts, where

our NMR data were taken. Such a temperature is known as
Fig. 2. Chemical shift of’Al vs. starting La-monazite mol%, measured the fictive temperature of the glass, and is dependent upon
in (1 — X)Al,03:xLaPQy at temperatures near 2150. several factors, notably the rate of cooling of the sample.

70 T T T T T T T

Chemical Shift (ppm)
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ture is often described in terms of the degree of polymeriza-
® ® ] tion of the individual tetrahedral B@roups; this speciation
& | | distribution is expressed in terms of & @bel. Herenrefers
N\ tothe number of oxygen atoms on a given phosphorus tetrahe-
50 L = dronthatare corner-linked (or “bridged”) to otherosphorus
@ Ci2A7 tetrahedral units. (It is important to clarify that in some lit-
40 - /\ CA 7 erature then refers to the number of oxygen atoms bridged
to anytetrahedrally coordinated metal.) In the compositional
joins investigated in this study, the oxygen to phosphorous
20 L J ratio exceeds 4, and hence it is expected that most of the
phosphorous would exist as completely depolymeriz&d Q
10 ® - species.
The 3P NMR spectrum for the quenched glasses of our
T P . samples is generally characterized by a strong broad band
Initial Percent LaPO, near 0 ppm. There appear to be two components in this band:
arelatively sharp feature at +2 ppm and a substantial shoulder
Fig. 4. Chemical shift of’Al vs. starting mol% LaP@for CA and GA7- at about—4 ppm. Similar*'P spectra are found for other
based glassy samples, at room temperature. LaPQ, concentrations, with the exception of 75%, where an
additional weak shoulder appears at more negative chemical
shift values.
Strong changes of melt structure with temperature can be | glumina-free alkali and alkaline earth phosphate
indicators of the onset of polyamorphic behavior. glasses, the phosphorous chemical shift f8ruits occurs
In liquid samples the NMR line olP has yet to be ob- near—13 ppm and near 0 ppm for@nits 213 These assign-
served, whereas it is easily seen in the reference 85 m°|%ments, however, may not be appropriate for the alumina phos-
H3PQ solution and in the magic angle spinning (MAS) spec- phate glasses studied here. It has been previously established
tra of water-quenched samples containing La-monazite. Weinat Al in the second coordination sphere of phosphorous
are investigating possible reasons for our inability to detect significantly increases the shielding (more negative chemi-
signals from*'P in melts, but our current view is that phos- ¢4 shift) of the P nucleus. At compositions of our glasses,
phorus sites are widely distributed in the liquid, which results e expect one or more Al atoms in the second coordination
in a very broad NMR line. In quenched samples a strdifig sphere of P (i.e., P-O-Al linkages). Such linkages give rise
signal is observed, which typically yields a spectrum like that 15 5 gecrease BLP shift values (in comparison with those of
of C12A7:25% LaPQ, shown inFig. 5. alkali and alkaline earth phosphates), of magnitude approx-
Our observed!P NMR spectra can be interpreted in terms imately 6 ppm per linkage (see Dollase et4and recently
of the local bonding arrangement or “speciation” of the phos- gchneider et &i®). The decreases are observed whether P is
linked to Al tetrahedral units (Dollase et al.) or Al octahe-
dral units (Schneider et al.). Thus, otiP shifts could also
arise from @ units (no P-O-P linkages), but with linkages to
nearby Al cations. This interpretation is also consistent with
the Raman data presented below, in which a sharp 968 cm
feature inthe Raman spectrum is attributed to orthophosphate

QP groups.

80 ® T T T phorousin the glass. In phosphate glasses, this bonding struc-
70 A

30 -

Chemical Shift (ppm)

6. Raman spectra

The Raman spectrum of a melted and water-quenched

* * sample of G2A7 containing 50% LaP®is shown inFig. 6.
The spectrum displays broad features, indicative of a glassy
T LI L L L L L L LI . . . .
2 o o5 5 A a0 s material. No evidence for large crystalline regions was found
pPpm under the 3um spatial resolution of the Raman microprobe,
consistent with the electron microprobe and X-ray diffraction
Fig. 5. 3'P MAS NMR spectrum of quenched,§A7:25% LaPQ at room measurements.

temperature. The two peaks with asterisks (*) are sidebands, due to modula- Comblementary to NMR. Raman spectroscony is also a
tion of NMR frequencies by the sample spinning at 6.5 kHz. (NMR spectra P y ! p Py

are plotted with chemical shift increasing to the left, for physical and chem- S€NSitive prqbe for elucidating the_ local and intermediate
ical reasons not discussed here.) range order in phosphate and aluminophosphate glasses. The
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7. Discussion

Based upon thé&’Al chemical shift results, the effects of
LaPQy upon Al bonding in the three groups of molten sam-
ples appear to differ significantly. Along the Z);—LaPQ,
join, the linear increase of shift with increasing LapPf®@-
flects a gradually increasing tetrahedral coordination of Al
in the liquid1® Molten Al,Os is believed to contain a mix-
ture of four-, five- and six-coordinate Al species at these
temperature$? Furthermore, there is no indication of LapO
saturation in the melt along the ADz—LaP(Q join. The Al
‘ I . 1 . . ‘ chemical shift of the meltincreases continually over the entire
O 200 400 600 800 1000 1200 1400 composition range.
wavenumber In (1—X)CA:xLaPQ; melts there are small but definite
variations in chemical shift with monazite concentration. The
Fig. 6. Raman spectrum of glassy#87:50% LaPQ. Al chemical shift for pure CAis close to thatin highly LaRO
rich samples, in part because of tetrahedral Al ion’s relative
insensitivity to second neighbor atoms, which change from
spectral region between 900 and 1200¢ris typically as- Aland Cato P and La as LaR@actions increase. In3A7
sociated with the stretching vibrations of the Pnits in melts Al resides essentially entirely in tetrahedral sites (the
these systems. The sharp peak near 960icrobserved in  2’Al shift is 85 ppm in the melt). Addition of LaPfXo the
the spectra for all of our samples containing between 25 andmelt has little effect upon this coordination to values as high
75% LaPQ, is the diagnostic feature for non-bridgind Q  as 25%, but by 50% there is a significant decrease in chem-
orthophosphate groups and arises from the strongly Ramarical shift to ~72 ppm. This change is more pronounced in
active symmetric stretching vibration of this unit. the quenched glasses along this same join, which suggests
A broad band centered near 1100¢his also observedin ~ a substantial dependence of the melt structure upon tem-
this high frequency region. The assignment of this band is lessperature in this compositional regime. In particular, at 50%
definitive. It occurs in the spectral region associated with both LaPQ, the 27Al chemical shift drops to as low as 10 ppm,
corner-linked @ and & phosphate groups (pyrophosphate indicating a substantial fraction of high coordinate (5- and
units and metaphosphate chains, respectivély§However,  6-coordinate) aluminum at the glass transition temperature.
POy units corner linked to other phosphorus tetrahedra (i.e., We are presently undertaking investigations of the underly-
Q!, @? and @ species) would also display a symmetric ing factors responsible for these dramatic changes of melt
P—O-P vibration near 700-750ch The absence of this  structure. We note that in contrast to phosphorus, aluminum
band in our spectra indicates that all of the phosphorous tetra-is considered to be capable in phosphate glasses of acting
hedral are isolated or depolymerized from other phosphorousboth as a network former and a network modifieAs a
units. modifier, Al has been shown to cross-link Ptetrahedra, in
The 1100 cm?! region has also been assigned to phos- which circumstance it would compete with other modifiers
phate stretching deformations in AIR@nits, where a & such as NaO and CaO. This situation appears to occur in our
phosphorous tetrahedron is corner linked to Al®@his in- CaO-containing samples.
terpretation is consistent with the Raman scattering observed Another feature of interest is that at the highest monazite
in the lower frequency region for our samples. There is also starting concentration studied (75%) formation of the re-
evidence from the Raman spectrum of crystalline AjRi@t cently studied double phosphate La(R(y)3 is observed in
Al acts to shift the orthophosphate Raman lines to higher quenched samplé§.Since this compound melts congruently
wavenumbers! Inthe low cristobalite form of AIP@, Al and at1890°C, and our samples are quenched from temperatures
P are both tetrahedrally coordinated and alternately linked well above this value, the double phosphate’s precipitation
through corner-sharing tetrahedra. In this compound, all of most likely occurs during quench. Electron microprobe
the P atoms are Qspecies and the RGtretching vibration measurements in the 25% sample, showing a lack of Ca in
occurs near 1100 crd. It is plausible that the spectral inten-  the small LaPQ crystalline grains along with the absence of
sity in the region near 1100 cm in the 50% LaPQ@ sample any X-ray pattern from the double phosphate Lg@&x)a,
could arise from POtetrahedra that are strongly associated indicate that for this LaP@fraction the double phosphate,
with Al, perhaps AIP@ structural units. Its breadth may also  if present, is atomically mixed with SA7. Nonetheless, the
be due to the presence of a distribution of species involving coordination of Al remains strongly four-fold in the melt. In
Al with the other charge-balancing cations (La and Ca). the 50% sample, the upper limits on La fraction for such mix-
The strong band observed near 600¢iis consistentwith  ing are evidently exceeded, although only slightly. At 75%,
symmetric AI-O-Al stretching vibrations of corner-linked precipitation of the double phosphate is clearly apparent,
aluminate tetrahedra. though still not extensive. The strong decrease in observed

average intensity
(arbitrary units)
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Fig. 7. Chemical shifts of’Al and compositions in the CaO—4Ds—LaPQ, system. More data along the CaO»8k join can be found in Poe et 420
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