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bstract

new protocol for synthesis of glassy aluminates with substantial content of the refractory compound LaPO4 has been developed, utiliz-
ng hydrated monazite and anhydrous metal oxides as starting materials. Ultra high-temperature NMR of samples containing up to 75 mol%
aPO4 shows that monazite is incorporated homogeneously into melts, while analysis by electron microprobe, X-ray diffraction, solid-state
MR and Raman scattering shows that water quench of samples with 50% La–monazite or less results primarily in glass formation. Net-
ork structures of the LaPO4-containing glasses remain aluminate-based, as indicated by our samples’ melting points (>1200 ◦C), well above

hose of phosphate glasses. Melting temperatures exhibit a minimum in the range 20–30% LaPO4 content. Raman spectra show only isolated
hosphate groups, with no P O P bonds (orthophosphates). Dissolution observations, electron microprobe composition measurements and a

ubstantially shifted principal 31P NMR line show that La3+ lies within the second coordination shell around P in all of the glasses. P–Al
RAPDOR NMR studies and a second, more negatively shifted line in the 31P spectra indicate that P is also closely coordinated to one or two
l ions.
2008 Elsevier Ltd. All rights reserved.
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. Introduction

.1. General

The glass-forming ability and crystallization characteristics
f phosphates and aluminates have given rise to renewed inter-
st in these materials, as have their thermal and IR transmission
roperties.1–3 For example, phosphate glass use in optical com-
onents is increasing, and for this the glasses are stabilized by
he addition of alumina.4,5 Aluminates figure prominently in
everal scientific and engineering applications, for example as
upport structures for optically active components in electronic
ystems.2 Doping of both phosphate and aluminate glasses with
are earth elements allows tuning of the fluorescence of those
lements.2,6
Among materials for high-temperature applications, the
efractory compound lanthanum–monazite (LaPO4) has been
ntensively investigated because of its potential usefulness in

∗ Corresponding author.
E-mail address: Robert.Marzke@asu.edu (R. Marzke).
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omposites with alumina fibers in extreme environments.3,7

owever, systems containing aluminates combined with LaPO4
ave not been widely studied. In pursuit of this goal, we devel-
ped a novel synthesis approach for the ternary system alumina,
alcia and La–monazite, with monazite concentrations ranging
rom 12 to 75 mol%. Samples were examined initially in the liq-
id phase via ultra high-temperature 27Al NMR, and then were
nvestigated in the solid phase by 31P and 27Al NMR as well as
aman scattering.

Liquid-phase NMR requires melting of a ∼3 mm diame-
er sample using a CO2 laser while levitating the sample in
n NMR spectrometer, in a stream of argon gas or air.8–10

esults for the liquid state of La monazite-containing sam-
les have been discussed elsewhere.9,11,12 A consistent finding
as been the observation above melting of a single narrow
7Al NMR line, with a well-defined chemical shift that varies
ith La–monazite content. This shows that the molten state

s characterized by a homogeneous Al chemical and struc-

ural environment. A second finding has been that following
ater quench a large fraction of the resulting samples are
lassy, especially for starting LaPO4 concentrations below 50%.
ur extended studies of these glassy samples are the subject

mailto:Robert.Marzke@asu.edu
dx.doi.org/10.1016/j.jeurceramsoc.2008.03.023
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Table 1
Selected information on the pure calcium aluminates used in this study8,14

Common nomenclaturea Formula CaO:Al2O3 Tm (◦C) (anhydrous) Notes

C12A7 Ca12Al14O33 1:0.58 1415 Cools to glass, is reactive contaminant of cements
CA CaAl O 1:1 1602 Readily cools to glass, is used in “calcium aluminate” cement
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the loss of all original end member compounds. LaPO4 hydrate
was then added as required for each desired formulation, taking
account of water of hydration, and the mixtures were sintered
once again. Sintering of the LaPO4-containing mixtures required
2 4

a Industrial ceramic and cement industry usage derives from abbreviations of

f this paper. Answers to two principal questions have been
ought. These are: (1) what is the nature of the networks in
hese new glasses, which are produced from compounds that
elong to two powerful glass forming families, aluminates and
hosphates? (2) What are the relative locations of ions within
heir networks? We begin with a description of the samples’
ynthesis.

. Methods—synthesis and characterization

.1. Synthesis—background

Synthesis of glassy materials involving phosphates is gener-
lly carried out in sealed platinum crucibles, using phosphate
ompounds as starting materials.4,5 The crucible is heated to the
xpected melting point of the sample and then rapidly quenched.
o meet our initial requirements for NMR samples in the form of
pherical beads for levitation, however, required use of an image
urnace, which melts a rod-shaped parent sample in the presence
f a flowing gas such as nitrogen. This can be problematic in
amples containing phosphorus, which reacts with water to form
ompounds that vaporize readily at elevated temperatures.13,14

ortunately for image furnace applications, however, lanthanum
hosphate is insoluble and non-reactive at moderate temper-
tures and in aqueous solutions.15 The compound is readily
vailable commercially, and we set out to develop a synthesis
rotocol that would allow the production of gram quantities of
onazite-containing samples, exposed to air at temperatures in

xcess of 1400 ◦C.
For starting materials in the calcia–alumina family, calcium

luminates provided convenient choices. Extensive data have
een compiled on calcium aluminate solid forms, both hydrous
nd anhydrous.16,17 There are five common anhydrous com-
ounds, all stable at standard pressure, temperature, and 50%
elative humidity. The two we found most suitable for this study
ave the common abbreviated names CA and C12A7, as listed
n Table 1.

Synthetic protocols for CA and C12A7 that do not go
hrough a melt phase produce mixtures containing significant
mounts of other calcium aluminate compounds, all in mutual
ontamination.15,16 These compounds differ in the stoichiome-
ry of CaO to Al2O3, as well as in their reactivity and physical
roperties. The components of this system must be melted to
orm any homogeneous phases, either glass or crystalline.15,16
lso, calcium aluminates and lanthanide phosphates are avid
inders of large quantities of atmospheric water, which
as taken into consideration while developing the synthesis
ethod.15,16 r
w manufacturing ingredients.

LaPO4 was added to the samples by mixing 99.99% pure
aPO4·5H2Ob powder with the appropriate CA or C12A7 base
aterial, just prior to packing into the rod-forming mold. Cal-

ining LaPO4·5H2O in advance yields poor and variable results.
hese included significant loss of phosphorus, probably due to
hemical reactions between the phosphate, oxygen and formula
ater in the calcined powder at high temperatures. An example
f a reaction series that could lead to this loss is

aPO4·5H2O → H3PO4 + La(OH)3·2H2O

H3PO4 → 6H2O + P4O10↑ T sub = 362 ◦C

Surprisingly, the use of LaPO4 powder in its hydrous form,
hen added to completely dry, pre-sintered C12A7 or CA-based
aterial, yielded acceptable results. (Powder X-ray diffraction

nalysis of the commercial lanthanum phosphate, prior to use,
ffirmed a stoichiometry of LaPO4·5H2O.) As discussed below,
e believe this was due to the high affinity and rapid binding of

he aluminates with water, removing it from access to the phos-
hate before any appreciable reaction could take place. Gram
uantities of LaPO4-containing samples could thus be prepared
n air without the need for expensive sealed platinum crucibles.
oth series of samples experienced temperatures up to 1400 ◦C
nder air and/or nitrogen without apparent decomposition. Fol-
owing establishment of the use of hydrated LaPO4, full sample
roduction was implemented as set forth in the next section.

.2. Synthesis technique

A bulk preparation containing CaO and Ca(OH)2
c was cal-

ined overnight at 600 ◦C before use, then powdered, resulting in
nhydrous CaO (see Fig. 1). Al2O3

d was also calcined overnight
t 600 ◦C to remove adsorbed water. These two oxides were pul-
erized and mixed in a ball mill in stoichiometric proportions for
ither C12A7 or CA. Both materials were at least 99% pure.e

he powders were transferred into alumina crucibles and sin-
ered at 1450 ◦C. The sintered material was re-pulverized, and
e-sintered several times until X-ray diffraction patterns revealed
b Alza.
c J.T. Baker.
d Mitutoyo Chemical Co., Tokyo.
e Electron microprobe revealed approximately 0.5% silicon as the major impu-

ity, also 0.2% titanium. No detectable iron was found.
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Fig. 1. Initial procedures in sample synthesis.

Table 2
Sintering and melting temperatures of samples

LaPO4 (%) Sintering/melting
temperature in CA
(◦C)

Sintering/melting
temperature in C12A7
(◦C)

0 1375/1600 1375/1415
12.5 u.d./u.d. 1280/1320
20 1180/1225 1255/1300
25 1230/u.d. 1230/1275
50 1350/u.d. 1350/1450
75 1398/1550 1398/1450

u.d.: undetermined.
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Fig. 2. Final sample preparation.

ifferent temperatures from those used for the pure ceramic base
aterials (see Table 2 and melting point discussion). In all sam-

les powder X-ray diffraction patterns taken at this stage reveal

complex mixture of many calcium aluminate variants.

The next steps in sample preparation (Fig. 2) were pack-
ng the multi-compound powder into a rod-forming cold pressf

f Depths of the Earth, Cave Creek, AZ.
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nd compressing at 5000 psi, then performing a final sintering
t an appropriate temperature several hundred degrees below
elting (see Table 2). The result was a firm, porous crystalline

eramic rod, still containing multiple coexisting compounds.
he rod was transferred to an image furnaceg and heated
ntil droplets melted off, which passed through a coarse Pt
creen, and were quenched in ultra-pure water. Spheroidal beads
ith diameters from 2 to 4 mm were formed, having either

rystalline or glassy character and uniform aluminate content
orresponding either to C12A7 or to CA. For initial LaPO4 frac-
ions below 75%, more than half of the samples were glassy.

icroprobe analysis and X-ray powder diffraction studies of
any samples gave exact final proportions of lanthanum and

hosphorus.
Because of the drop quench, significant quantities of water

ould conceivably have been entrained in the beads, resulting in
A or C12A7 hydrates. Characterization of the samples, how-
ver, showed that they were mainly anhydrous. This is discussed
urther in Section 4.

.3. Melting point determination

During synthesis of both CA and C12A7 series the sinter-
ng the temperature of the monazite-containing samples had
o be altered, in order to accommodate lower melting points.
ach new composition was first attempted under the sintering
onditions of a previous sample. After retrieval of the mate-
ial from the sintering oven, visual observation of the sample
eadily determined that full melting had taken place during
he heating process. Another sintering was then attempted at

temperature 25 ◦C lower than the previous trial. The low-
st temperature at which complete melting was observed was
ecorded as the melting point (Tm) for that composition. Accu-
acy for the Tm is thus at best only ±25 ◦C. Melting point
etermination was not in itself a goal of this study, so no
urther effort to refine accuracy was attempted, but the rel-
tively high (>1200 ◦C) values of Tm for all samples were
vident.

.4. Characterization—differential thermal analysis

The glass transition temperatures of the glassy samples
ere monitored by differential thermal analysis (DTA) on a
erkinElmer thermal analyzer in the Goldwater Materials Sci-
nce Laboratory at Arizona State University. The sample was
eated at 2 ◦C/min in a platinum crucible under a helium atmo-
phere, and results for C12A7 and CA were in agreement with
iterature values, to within ±10 ◦C. As with melting points,
etailed glass temperature studies were not primary goals of
his work, but observations of the glass transition along with its

emperature were important to understanding the nature of our
amples. Representative glass temperatures are given in Table 3
n the next section, along with composition and melting points.

g NEC, Tokyo, Japan.
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Table 3
Composition results and selected properties of the calcium aluminate:LaPO4 glasses

Glass Composition by microprobe Tg (◦C) Tm (◦C)
crystal

27Al (liq)
NMR �

27Al (sol)
NMR �

31P (sol)
NMR �

Notes

CaO:Al2O3 LaPO4 (%)

CaO 1:0 0 N.A. 2572 N.A. N.A. N.A.
C12A7 12:7.0 0 85025, 8748,22 1415 86 77 N.A.
C12A7:12% LaPO4 12:7.1 11.2 N.A. 1320 (20%: 1300) N.A. N.A. 2/−4
C12A7:25% LaPO4 12:7.0 20.6 837 1275 85 71 2/−4
C12A7:50% LaPO4 12:7.1 47.1 812 1450 72 10 2/−4 X-ray traces of Ca3La(PO4)3

C12A7:75% LaPO4 12:7.0 63.0 N.A. N.A. 71 N.A. 0/−3/−6 X-ray traces of Ca3La(PO4)3,
bright zones of Ca3La(PO4)3

dark zones: C12A7, 63%
LaPO4

CA 1:.9 0 9058,22 1600 76 68
CA 25% LaPO4 1:1 25.2 N.A. (20%) 1225 78 66 2/−4
CA 50% LaPO4 1:.9 46.7 N.A. N.A. 72 57 2/−4 X-ray traces of LaPO4

(microcrystalline)
CA 75% LaPO4 1:1 72.6 N.A. 1550 72 N.A. 2/−4 X-ray traces of LaPO4

(microcrystalline)
LaPO4 0 100 N.A. 2072 N.A. N.A.
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oncentration notation for the C12A7, samples: Electron microprobe-measure
a, 28 Al (at.%). Starting percentages differ from these by less than 5. To conve
2 CaO, 18 Al2O3 (mol%).

.5. Characterization—electron microscopy

Electron micrographs gave the first evidence that the sam-
les obtained were glassy, even for compositions up to 50%
aPO4 in both C12A7 and CA series. It was found in SEM

mages that phase separation does not occur frequently in the
apidly quenched samples (Fig. 3A below). Slower quenching,
ypically performed by cooling a molten sample used for high-
emperature NMR studies in a stream of Ar gas, results in nearly
omplete phase separation (Figs. 3B and 4). However, for both
eries the 75% LaPO4 composition (Fig. 5) was difficult to obtain
s a spherical glassy bead, requiring repeated attempts at rapid
uenching of melts with cold water. Powder diffraction of even
he most amorphous 75% samples shows some microcrystalline
aPO4 (and/or Ca3La(PO4)3).18
It is generally more difficult to obtain glass beads in the
12A7 system. The CA system, with its lower proportion of
etwork-modifying calcium, was more lenient, as borne out
y the relative ease of glass bead production. Since alumina

n
l
i
l

ig. 3. Microprobe images of quenched 25% LaPO4 in C12A7. (A) Section of a glas
B) Section of a sample that was not quenched rapidly enough, allowing recrystalliza
tripes are an artifact.
al fractions for the sample labeled 50% LaPO4 in C12A7 are: 25 La, 25 P, 22
ernary phase diagram end members, C12A7 50% LaPO4 would be: 50 LaPO4,

nd LaPO4 do not mix atomically but instead segregate upon
olidification,9 it appears that Ca in these samples acts to pro-
ote glass formation.

.6. Verification of composition

The chemical composition and structure of the final prod-
ct was monitored by electron microprobe and X-ray powder
iffraction, in addition to Raman scattering and solid-state
MR as described below. Different quench rates were uti-

ized in various experiments, from the very slow rate of
700 ◦C/sc for molten NMR samples, to the moderate rate of
2000 ◦C/s in water. As noted above, the slowest rates were
een to allow sufficient time for complete crystallization of
aPO4 from the melt. Also, microprobe analysis and scan-

ing electron micrographs show that samples quenched on
ong time scales have up to 100% ex-solution of the LaPO4
nto the aluminate grain boundaries. No signs of crystal-
ization were visible in glassy samples, however, when they

sy, rapid-quenched sample before NMR analysis. Total width shown: ∼50 �m.
tion of the LaPO4. The bar represents 10 �m. The bright dots are LaPO4. Dark
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ig. 4. Microprobe image of 25% LaPO4 in CA. This is a typical sample after a
ery slow quench (∼700 ◦C/min), allowing extensive recrystallization and phase
eparation.

ere kept in a desiccator at room temperature over long
eriods.

.7. Phosphate dissolution in water and microprobe
reparation

The samples were initially prepared for microprobe analysis
y embedding in epoxy, and were ground to a very fine pol-
sh on silicon carbide sand paper. Since crystalline LaPO4 is

nsoluble in water,15 water was initially used as the polishing
ubricant. The surface of the samples was exposed to water for
pproximately 1 h during this preparation. Microprobe results,
owever, revealed a complete loss of phosphate from these sam-

ig. 5. Microprobe image (“comp mode”) of a CA-series sample with high
aPO4 content (75%), post-drop-quench. Significant phase and composition
eparations and some crystalline character are apparent, even though the X-ray
iffraction pattern showed only amorphous background.
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les, presumably owing to the solubility of phosphate glass in
ater.5,8,19 They also revealed that La was lost in exact propor-

ion to phosphate, as discussed later. The preparation was then
epeated using mineral oil as the lubricant.

.8. NMR acquisition conditions

All of the NMR experiments were carried out on a Varian
olids 300 MHz spectrometer at a field of ∼7 T, with Lar-
or frequencies of 78.2 MHz for 27Al and 121 MHz for 31P.

7Aluminum chemical shift values are referenced to Al3+ in
olutions of saturated Al(NO3)3. Acquisitions of NMR free
nduction decays (FIDs) for 27Al were performed using a magic
ngle spinning (MAS) probe, with typical spectrometer settings
f 50 kHz bandwidth, ∼300 W r.f. pulse power, 10 Hz pulse
epetition frequency, 4096 point acquisition length and ∼12 �s
0◦ r.f. pulse length. Rapid 27Al spin-lattice relaxation, due to
ubstantial Al quadrupole coupling, has been observed at all
emperatures.11,12 The error in chemical shift for solid 27Al
amples, spun at 6.5 KHz, was of order ±1 ppm.

31P NMR measurements were performed on the Varian
00 MHz spectrometer using the same probe, in addition to
olid-sample static measurement following slow cooling from
he melt in the ultra high-temperature NMR probe. For 31P the
tandard reference was 85% H3PO4 in water, and the spin rate
as 6.5 kHz.

.9. TRAPDOR NMR20

TRAPDORh measurements of 31P and 27Al were obtained on
he same NMR spectrometer used for the chemical shift deter-

inations, in a MAS rotor with a triple-resonance probe at a
otation speed of 4 kHz. The NMR resonance frequency was
pproximately 121 MHz for 31P and 78 MHz for 27Al. Two alu-
inum RF pulse power settings were used, 329 and 640 W. The

1P pulse length required for a π/2 rotation of the magnetiza-
ion was 17.5 �s. The duration of the 27Al pulse ranged from 1
o 5 ms. These times correspond to 4–20 rotations of the MAS
robe. The TRAPDOR effect increases with increasing 27Al
ulse length. Five milliseconds appear to give the maximum
ffect. Signals were averaged over 128 acquisitions.

The sample was first run without the 27Al pulse, and then
epeated with 27Al irradiation. The data were analyzed in the
sual manner by subtracting the 27Al-pulsed peak area (S) from
he non-27Al-pulse peak area (S0), and dividing the result by S0.

.10. Raman settings
Raman scattering measurements were made using a Jobin-
von Triax 550 spectrograph and a Princeton Instruments S.A.

ntensified diode array detector. The Raman scattering was
xcited by the 487.9 nm line of a coherent Innova 90-5 Ar+ laser.

h TRAPDOR refers to “transfer of population via double resonance”, a solid-
tate NMR technique that allows monitoring of the degree of proximity of pairs
f different nuclei such as Al and P.20,21
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ig. 6. Microprobe image of sintered 25% LaPO4 in C12A7-based material
prior to melting). The bright areas are LaPO4, The gray regions are grains of
alcium aluminate of varying composition (containing no LaPO4).

he scattered radiation was collected through a long-working
istance 50× Mitutoyo objective in a modified Olympus BH-2
icroscope. The spectra for this study were all averaged over
ve separate 60 s scans. Raman data on glassy material presented
ere are from the depolarized mode.

. Results

.1. Findings from synthesis and electron microscopy

.1.1. (1 − x)C12A7:xLaPO4

LaPO4 does not react with the refractory C12A7 material on
intering. X-ray powder diffraction of sintered samples always
eveals the presence of crystalline LaPO4 and various crystalline
alcium aluminates. Microprobe analysis of sintered samples
hows isolated ‘islands’ of LaPO4 in the midst of the multi-
rystalline ceramic, as seen in Fig. 6. However, on further
eating, the LaPO4 does dissolve or disperse into the ceramic
elt, as evidenced in Fig. 3B by the disappearance of the large

slands of LaPO4 in beads of quenched melt (both crystalline
nd glass).

After bead formation in the image furnace, electron micro-
raphs of the fraction of beads that are crystalline show LaPO4 as
mall ∼0.1 �m grains, between the boundaries of calcium alu-
inate grains. Microprobe measurements show that no calcium

r aluminum is present in the LaPO4 grains of these beads.
In the amorphous beads there are no regions of crystal-

ized pure LaPO4, i.e. the structure of the beads prior to image
urnace melting appears by electron microscopy as well as X-
ay diffraction to be 100% glass, as in Fig. 3A. There was
owever the unexpected formation of the compound calcium

anthanum phosphate, Ca3La(PO4)3 (Tm 1890 ◦C),18 weakly
bservable by X-ray powder diffraction with the 50% sample
nd clearly present in 75% LaPO4 material. These observa-
ions were corroborated by microprobe. In the 25% sample

s

t
s

ig. 7. Melting point changes with composition. Both sample series show a
ramatic drop in Tm with added LaPO4.

roup it was not detected. Microprobe measurements, combined
ith the absence of an X-ray pattern for the double phosphate
a3La(PO4)3, indicate that for 25% LaPO4 monazite is atomi-
ally mixed with C12A7. Upper limits on LaPO4-content values
or such mixing are apparently just exceeded in the 50% sample.
he presence of any of the calcium phosphate compounds of the
patite family was never observed by X-ray diffraction analysis,
re- or post-melt.

.1.2. (1 − x)CA:xLaPO4

As with the C12A7 series, LaPO4 did not react or mix on
nitial sintering. Also, LaPO4 was incorporated into the amor-
hous material during melting. Again, no calcium phosphate
ompounds of the apatite family were observed. However, in
ontrast to C12A7, no traces were found of calcium lanthanum
hosphate, Ca3La(PO4)3 in this series.

.2. The networks: changes in melting point with
omposition

We now turn to results that bear directly on the nature of
he glass network in both series of samples, starting with their

elting trends. It was apparent during sample production that
he melting points were within the range of aluminate glasses
nd well above those of phosphate glasses. At lower LaPO4
ompositions, both sample series display a minimum melting
emperature, as shown in Fig. 7, along with the steep rise in

elting that must occur above 75% LaPO4. The position of the
inimum is estimated at 25% (±10%) LaPO4 for the C12A7

eries and at 20% (±10%) LaPO4 for the CA series.

These melting point findings may be incorporated into a

ernary diagram for the entire Al2O3–CaO–LaPO4 system as
hown in Fig. 8, which includes data from other sources.
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ig. 8. Modified ternary diagram of the CaO–Al2O3–LaPO4 system showing
elting points (◦C). Data are taken from this work and others.8 Dashed lines

re hand drawn curves of constant melting temperature.

.3. Raman results

.3.1. C12A7 samples
The Raman scattering spectra for the solid glassy samples of

he C12A7 series are shown in Fig. 9, while those of the CA
eries are given in Fig. 10.

.3.2. CA samples
As seen in the figures, CA and C12A7 series’ Raman spec-

ra resemble one another and show similar progressions with
ncreasing LaPO4 content. The broad aluminate bands at 556 and

800 cm−1 of the pure compounds22 quickly disappear, leaving

lmost no clearly distinguishable indicators of networked alu-
inate at higher wave numbers, the band near 650 cm−1 being

ttributable to octahedral aluminate formed as a result of disrup-
ion of the network by LaPO4. Phosphate manifests its presence

ig. 9. The depolarized Raman spectra of glassy samples of (1 − x)
12A7:xLaPO4. The 75% LaPO4 sample contained crystalline phases, including
a–monazite, as noted above.
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ig. 10. Raman spectra of samples (1 − x)CA:xLaPO4, calcium monoaluminate
CA) glasses with varying percentages of LaPO4.

trongly, giving rise to a band in the vicinity of 966 cm−1, the
ymmetric OPO stretch region of the PO4

3− ion. There are also
eaker, complex bands at higher wave numbers, again due to
hosphate. Notably absent, however, is any indication of Raman
cattering from 700 to 800 cm−1, the range of POP vibrations
rising from intertetrahedral phosphate–phosphate linkages of
1 or Q2 phosphate groups. This means that essentially all of

he phosphate in the samples is Q0, i.e. the samples have no
ridging oxygen and in phosphate glass terminology would be
onsidered orthophosphates. Thus Raman scattering shows that
hosphate is intercalated into the network as individual, isolated
O4 units without intertetrahedral oxygen bridges, leaving the
etwork essentially aluminate, as indicated by the high melting
oints.

Because concentration increments of LaPO4 were large in
his study, evolution of Raman spectra with LaPO4 content could
ot be followed in detail. The bandwidths all had multiple con-
ributing factors. Small differences in dependences on LaPO4
ontent are seen in the two series’ Raman spectra, which is not
urprising in view of differences in the networks’ disruption by
anthanum as a cation modifier. C12A7 already has a large excess
f modifier, so that the addition of lanthanum only contributes to
urther network breakup. However, CA has a nearly intact net-
ork, consequently requiring more lanthanum to significantly
isrupt it.

Disappearance of the 556 cm−1 band indicates loss of cor-
er linkages in the aluminate network. Disappearance of the
00 cm−1 band, as noted above, indicates even more substan-
ial network disruption. Octahedral aluminate species, to which
he band at 650 cm−1 is attributed, are not usually observed
n Raman scattering, but their presence is expected at higher
aPO4 content from our 27Al NMR results (see below). In
uch mixed aluminum coordination environments the octahedral
aman band may be present in association with lattice modes,8

s appears to be the case here. While the low (<400 cm−1) energy
ands of glasses are clearly an overlapped sum of multiple
ources, one of those sources is probably the Ca O bond.
Amorphous materials show broad bands, rather than sharp
eaks, by Raman spectroscopy. This technique is very sensitive,
owever, to the presence of ordered material, even when not
etectable by X-ray diffraction. A few of these samples, amor-
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Fig. 11. 31P MAS NMR spectrum of quenched C12A7:50% LaPO4, showing
two broad peaks in the vicinity of 0 ppm, separated by approximately 6 ppm.
(Expanded from the spectrum shown in Fig. 5 of reference9, erroneously iden-
tified therein as a 25% LaPO4 sample spectrum.)
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hous by X-ray diffraction, show that some degree of ordering
f atoms had taken place before Raman analysis.

In summary, results viewed as diagnostic of the network
tructure of our samples include the following. (1) Melting
oints and glass transition values are high, but nonetheless lower
han that of the completely polymerized CA network. (2) Raman
pectra show only orthophosphate PO4 in the glass. (3) As shown
n Fig. 4 of reference nine and discussed further in section IVB,
MR spectra of 27Al exhibit primarily fourfold Al–O coordina-

ion of Al, especially at lower LaPO4 content. This implies that
l is a network former, not a modifier (as can sometimes be the

ase). These three observations lead us to conclude that the pat-
ern of the samples’ networks is consistent with their description
s disrupted aluminate glasses, containing intercalated single
hosphate groups.

.4. Locations of ions: dissolution results

If we now ask where the metal ions in the networks are
ocated, we may still draw on the above information but consider
dditional data from two sources: electron microprobe analysis
ollowing water treatment of the sample surface, and NMR. As
oted in Section 2, our dissolution study arose from inappro-
riate sample preparation for microprobe analysis. Soaking the
amples in water for approximately 1 h was found to remove all
hosphate from the analyzed surface. This loss had a significant
ide effect, however, in that it was always accompanied by a pro-
ortional lanthanum loss. Mole for mole, the two ions always
issolved away together, indicating their close association in the
ample.

.5. NMR results for 31P: spectra

The 31P NMR spectra for our quenched glassy samples are
haracterized by a strong, broad feature near 0 ppm. The spec-
rum is directly deconvolutable into two lines: a relatively narrow
eak at +2 ppm and a broader one at about −4 ppm (see Fig. 11
elow and also reference nine).

Similar 31P spectra were found for all LaPO4-containing
amples, with the exception of C12A7 75% LaPO4, where an
dditional weak shoulder appears at more negative chemical
hift values. In aluminophosphate glasses these two peaks would
ndicate the presence of orthophosphate (Q0) species with either
or 2 s neighbor metal atoms.23,24,19 The 75% sample’s promi-
ent shoulder may however also arise from Q1 phosphates, i.e.
hosphate groups with one (and only one) more phosphate as a
econd-nearest neighbor, in addition to an aluminum atom. This
otivated further investigation of the question of P/Al proxim-

ty using the NMR TRAPDOR experiment, the findings from
hich are given next.

.6. Results for 31P/27Al: double resonance (TRAPDOR)
As seen in Fig. 12, at both low and high 27Al RF power a CA
ample containing 27% LaPO4 shows a very strong TRAPDOR
esponse after 4 and 5 ms pulses of irradiation. When compared
ith results from other investigations,21 this level of interac-

4

a

ig. 12. TRAPDOR NMR: the sample is: 27% LaPO4 in CA. Circles: 27Al
ower pulsed at 320 W. Diamonds: Al power pulsed at 640 W.

ion implies that a large fraction of the phosphorus atoms are
n close proximity to aluminum, i.e. as second-nearest neigh-
ors, less than 4 Å distant. No TRAPDOR experiments have
een attempted to date with the 139La nucleus, whose NMR
bservation is difficult in many solid oxides.

.7. Tabulation of NMR and Tg, Tm results

A full listing of the principal thermal and NMR properties of
he samples is given in Table 3.

. Discussion
.1. Hydration of samples

Although the refractory reaction products of this system
re generally non-reactive, they are well known for hydrat-
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Table 4
Estimated per cent 4-coordinate aluminum (AlIV) in samples, based on 27Al
NMR chemical shift

Glass

Sample AlIV (%)

C12A7 100
C12A7, 25% LaPO4 89–94
C12A7, 50% LaPO4 0
C12A7, 75% LaPO4 N.A.
CA 80–89
CA, 25% LaPO4 74–85
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ng and binding large quantities of water.15,16,26 Non-cement
omponents of a mixture, such as lanthanum and phosphorus
xides, may hydrate at the sample surface. Lanthanum alumi-
ate (LaAlO3), and LaPO4 are non-reactive with water, however
hey also may hydrate at low temperatures under normal condi-
ions. Water of hydration is taken on by the aluminum nucleus
n many compounds as a coordination partner, converting 4- and
-coordinate aluminum to 6-coordinate.

The drop-quench into water for production of amorphous
eads for NMR analysis was accordingly expected to yield a
ully hydrated sample. However, Raman spectra and X-ray pow-
er diffraction patterns of preheated or non-desiccated samples
evealed them to be anhydrous, for both crystalline and glassy
eads. Presumably, this surprising character of the bulk freshly
uenched material is due to rapid initial hydration of the surface
ayers of a droplet. Such hydration would result in a thin outer
hell that quickly becomes water-impermeable calcium alumi-
ate cement, while the remaining bulk of the droplet cools to
lass or crystal under effectively anhydrous conditions.

.2. Glass structure in the CaO–La2O3–Al2O3–P2O5

ystem: incorporation of LaPO4

In the absence of CaO, the remaining components up to 25%
aPO4 of this system (La2O3–Al2O3–P2O5) are barely within

he glass forming region.4 Higher proportions of LaPO4 would
ot be expected to form glasses. However, the CaO present in
ur system is a potent network modifier. Moreover, since Ca+2

ould be expected to compete with La+3 for charge-balancing
ites in the phosphorus–aluminum oxide network, the variations
bserved in glass forming profiles of the ternary system with
aPO4 content could be expected. Our experimental findings,
ombined with known characteristics of aluminate and phos-
hate glasses, allow us to infer several basic structural features
f our samples. We have incorporated these into structural mod-
ls that represent average arrangements of the ions, including
oth network formers and modifiers. The models are based upon
nown bond lengths and angles, to the degree appropriate for a
lass. An example will be given, following a brief review of the
alient features upon which the models are based.

First, as noted above from the 27Al NMR chemical shifts
Table 3), the Al ions are largely in 4-coordination to oxygen,
lthough 5- or 6-coordinate aluminum is found at higher LaPO4
ontent. Table 4 lists some estimated fractions of 4-coordinated
l in the samples vs. composition. Note however that the 50%
aPO4 sample of the C12A7 series exhibits a dramatic shift away

rom 4- to 5-coordinate and most likely, 6-coordinate aluminum.
These results are in agreement with the widely held view of

he short range structure expected of networks based upon that
f pure calcium aluminate [CA] glass, namely as an assemblage
f (AlO4)− tetrahedra in a strongly inter-linked (corner-sharing)
etwork, charge balanced by Ca2+ ions.27 It is not surprising that

A, with a stoichometric ratio of Ca+2 to (AlO4)− tetrahedra,
as the highest Tg of our samples (∼905 ◦C), while C12A7, with
n excess of CaO acting as a network modifier breaking up the
luminate network, has a lower Tg of ∼850 ◦C.1,27 The addition
A, 50% LaPO4 49–71
A, 75% LaPO4 N.A.

f 50% LaPO4 to C12A7 drops the Tg still more to ∼812 ◦C,
vidence of further breakup of the aluminate network and con-
istent with our Raman scattering results. The disruption may
e attributable to the PO4

3− ions forming terminal members of
luminate chains or nets. Water dissolution results then require
hat a lanthanum ion must be strongly linked to the terminal
O4

3−. In this structure, the lanthanum cation would satisfy
ts high-coordination number preference28 by being the center
f a “ball” of calcium aluminate “nets”. Phosphorus must also
e coordinated closely with aluminum, according to our P/Al
RAPDOR findings.

Raman and MAS-NMR 31P data, the latter especially indicat-
ng the association of La and Al with phosphate for all samples,
re consistent with the presence of single phosphate tetrahedra
ntercalated into the aluminate network. Each tetrahedron is thus
inked to one lanthanate tetrahedron and either one or two alumi-
ate tetrahedra. As the starting LaPO4 content increases towards
0%, the aluminate network makes a strong structural change,
s seen in the increase from 4- to 6-coordination in Al chemi-
al shift. However, the matrix of aluminate tetrahedra basically
emains, the lanthanum orthophosphate groups being dispersed
hroughout. Based upon all of these considerations, we propose
wo somewhat different models for glass structures at low and
igh LaPO4 content, as follows:

Structure of LaPO4-containing samples with lower proportions
of LaPO4, leaving an intact alumina network: C12A7 series
<25% LaPO4, CA series <50% LaPO4.9

Every lanthanum cation is linked (via an oxygen) to one
phosphorus cation, on average, as in Fig. 13. Linkages of
phosphate tetrahedra are rare and not larger than 2 units.
A tetrahedral alumina network remains to a considerable
extent, although it is not visible in either NMR or Raman
spectra.

Phosphate is only present as orthophosphate or Q0 species,
not forming any chains, and is linked by bridging oxygen to
at least one but no more than two aluminum cations. We have
found in fact that all structural models constructed have at least

one Al O P bond, supporting our inference that the chemical
shift value range (0–2 ppm) for the principal 31P line in the
samples’ NMR spectra is the result of P bonding with two
near-neighbor metal ions, La3+and Al3+. It is also consistent
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Fig. 13. Illustration of a possible lanthanum phosphate–calcium aluminate glass
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tructure for lower LaPO4 content in calcium aluminate, derived from Raman
nd NMR data. For clarity, only a segment of the network is portrayed, with
ome oxygen atoms removed from the diagram.

with the NMR TRAPDOR results, showing close proximity
between Al and P for most phosphorus atom.
Structure of LaPO4-containing samples with sufficient LaPO4

to completely disrupt the alumina network: C12A7 >25%
LaPO4, C12A7 >50% LaPO4.

Linkages of phosphate tetrahedra are again not detected. We
nfer from Raman and 27Al TRAPDOR NMR that the alumina
roups are rarely linked together, but are always in association
ith Ca+2, La+3, or P+5 cations. The aluminum cations may now
ave a four-, five-, or sixfold coordination with oxygen, the last
eing prevalent.

. Conclusion

A new protocol for synthesis of aluminates using hydrated
aPO4 was developed. Studies of samples produced by addi-

ion of LaPO4 to calcium aluminates led to the determination
f a minimum melting temperature. Analysis of the resulting
lassy samples indicates that La+3 ions never fully dissociate
rom the PO4

−3 ions, the two remaining in coordination with
ach other at all compositions. Ca2+, a well-known modifier, is
equired to establish an aluminate tetrahedral network and form
lasses, but LaPO4 added to either CA or C12A7 acts to dis-
upt the network and is not a network former. Fourfold Al–O
oordination is prevalent at lower LaPO4 fractions, changing to
ix at higher ones (see 0.5LaPO4·0.5 C12A7 glasses). NMR and
aman show PO4

3− as orthophosphate units in all glasses, coor-
inated to one La and one or two Al second neighbor ions. At
igh LaPO4 content, some quenched samples show the presence
f the crystalline double phosphate Ca3La(PO4)3.
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