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Abstract

Glasses in the Li2O–Al2O3–SiO2 (LAS) system with different Al2O3

Li2O
ratio with

or without addition of P2O5 have been synthesized and characterized by ther-

mal analysis. The glass structure and the phosphorous environments in the

glasses and their evolutions with annealing have been studied by 31P Solid-

State Nuclear Magnetic Resonance (SSNMR) and 31P/27Al D-HMQC (Dipolar

Hetero-nuclear Multiple-Quantum Coherence) correlation NMR. The crystal-

lization behavior has been studied by XRD, SSNMR and RAMAN spectroscopy.

The results showed a different role for P2O5 depending on the Al2O3

Li2O
ratio. For

low alumina content, P2O5 plays a nucleating role while it acts as crystalliza-

tion inhibitor for high alumina content. These different roles are related to

different local environments of the phosphorus in the as-cast glasses. Our study

emphasizes the importance of POAl complexes in the crystallization process of

aluminosilicate glasses.
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1. Introduction

Glass-ceramics are materials obtained by controlled crystallization of glasses,

which is achieved by thermal heat treatment on parent glasses. [1] The lithium

aluminum silicate (LAS) ternary system is one of the most studied and a large

number of materials with this composition are commercialized due to their ex-5

cellent thermo-physical properties. As typical examples we can mention: the

near-zero thermal expansion property for β-quartz solid solution glass-ceramics

used for telescope mirror, stove cooktops and firedoor applications [2, 3], or the

good mechanical properties for compositions with low amount of Al2O3 used in

the field of restorative dentistry [4]. Since the properties of the glass-ceramics10

are widely dependent of the nature and relative amount of crystalline phases,

the control of nucleation is a key step in order to optimize the final properties.

To promote bulk crystallization and obtained an uniform distribution of crystals

in the material, nucleating agents such as TiO2, ZrO2, and P2O5 are typically

added in the Li2O–Al2O3–SiO2 (LAS) glass composition. [5, 6, 7]. In particu-15

lar, phosphorous, which is classified as a typical network former in glasses, has

a complex structural role that strongly impacts its solution behavior, the melt

viscosity [8] or its ability to promote liquid-liquid phase separation and affect

the crystallization mechanisms [9].

In a study on the effect of the Al2O3

M2O
ratio (where M=Li,Na) on the crystal-20

lization of LAS system with P2O5 addition [10], different crystalline phases were

reported depending on the Al2O3 content and volume crystallization was ob-

served at low Al2O3 amount contrary to surface crystallization observed at high

alumina content. Indeed, P2O5 is a well-known nucleating agent for low alu-

mina LAS compositions, yielding to Li2Si2O5 crystallization. [5, 11, 12, 13, 14]25

In terms of nucleation mechanism, Headley and Loehman [15] reported that

lithium orthophosphate Li3PO4 crystals act as heterogeneous nuclei for silicate

crystalline phases (metasilicate Li2SiO3 and disilicate Li2Si2O5 phases). Suc-

cessive studies using solid state 31P MAS-NMR gave insight on the changes

around phosphorous occurring during the crystallization processes [16, 17, 18].30
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Indeed, MAS-NMR techniques probe the local environment around phosphorus

and reveal modifications occurring in the first crystallization steps which could

conceivably be missed by other techniques [19]. On a disilicate (aluminum-free)

glass-ceramic composition, Holland et al [16] reported that crystalline Li3PO4

was not detected by MAS-NMR before the formation of Li2Si2O5 phases. How-35

ever, recent studies revealed that a highly disordered Li3PO4 phase is formed

concomitantly with Li2SiO3 crystallization [17][18].

In aluminosilicate glasses, MAS-NMR showed that phosphorus has differ-

ent environments depending on the Al2O3

M2O
ratio [20][21]. At low P2O5 content,

a majority of PO 3–
4 orthophosphate and P2O

4–
7 pyrophosphate groups are40

observed in the glass matrix, while for increasing Al2O3 contents, aluminophos-

phate groups are formed. Recent developments in NMR provide information

on the connectivity of PO4 tetrahedra with the aluminosilicate network. Spa-

tial proximities between P and Al were reported in systems with low amount

of P2O5 and Al2O3 [22][23] and aluminophosphate groups could be detected45

in such glasses. Nevertheless, such methods were not used up to now for the

detailed study of the nucleation process by P2O5 in LAS glass-ceramics. The

aim of the present work is to provide new insights to elucidate the role of phos-

phorous in crystallization mechanisms of LAS compositions with different Al2O3

Li2O

ratio. We report a combination of characterization and spectroscopic methods50

to investigate the crystallization sequences and the nucleating role of phospho-

rous. NMR and Raman spectroscopies enable us to discuss the changes in the

phosphorus environments in relation with the crystallization processes, showing

a different behavior between the glasses containing low and high Al2O3 contents.

2. Experimental Section55

2.1. Materials

Glasses were prepared in the Li2O-Al2O3-SiO2 (LAS) ternary system with

addition of P2O5 oxide as a nucleating agent. Analytical grade precursors

(Li2CO3, Al2O3, SiO2 and (NH4)2HPO4) were ground together, dried and
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melted in a Pt crucible at 1550◦C for 2 h, then quenched by immersing the60

bottom of the crucible into water. The glasses were ground and molten once

again to ensure a good homogeneity. Table 1 reports the glass compositions.

They are located along the 74mol% SiO2 isopleth, with 0 or 1mol% P2O5.

These compositions cover a range with a ratio R=Al2O3

Li2O
from 0 (Al-free) to 1.3

(peraluminous composition). The glasses are labeled as follow: LASR-Pn, where65

R is the ratio Al2O3

Li2O
and n the mol% of P2O5. Transparent, bubble free, glasses

were obtained excepted for the LAS0-P1, which is opalescent. For all samples,

powder XRD patterns show the characteristic broad peak of amorphous materi-

als and no Bragg peak. The glass compositions were checked by Electron probe

micro-analyser (CAMPARIS, Paris, France) with a CAMECA SX-Five appara-70

tus (15 kV, 10 nA) for SiO2, Al2O3, P2O5 and by a Flame-Atomic Absorption

Spectrometer in emission mode (Agilent, AA280FS) for Li2O content.

2.2. Differential scanning calorimetry

Differential Scanning Calorimetry (DSC) thermograms were recorded on a

404 C Pegasus calorimeter from Netzsch (Selb, Germany). All the measurements75

were carried out in air and heat treatments were conducted at 10◦C/min with a

bulk sample of ∼50mg in Pt crucible, using an empty Pt crucible as reference.

The crystallization temperature of the first exothermic event was determined

at the maximum of the peak. The glass transition temperatures Tg, the onset

crystallization temperatures Tx and the temperatures of the maximum of the80

first crystallization peak Tc are reported in Table 1.

2.3. XRD

X-ray diffraction was carried out at room temperature using a diffractometer

(PANalytical X’Pert PRO) with Ni-filtered CuKα radiation (λ=1.5418Å). Data

were recorded in the 10◦≤2θ ≤80◦range with a step increment of 0.016 ◦and an85

interval time of 0.82 sec per step.
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2.4. RAMAN spectroscopy

Raman spectra of the glasses and annealed glasses were obtained using a

Horiba LabRam HR Evolution system with Ultra-Low Frequency (ULF) mod-

ule, 1800 gr/mm grating, and a 532 nm laser operating at 100mW. A x10 mag-90

nification objective was used for this study. Each sample was analyzed with an

exposure time of 30 sec (per window) with 10 accumulations and a spectral win-

dow from 5 to 2000 cm–1. No temperature correction nor normalization have

been used for these spectra.

2.5. Scanning Electron Microscopy95

Scanning Electron Microscopy (SEM) was used to observe the microstruc-

ture of the samples. Bulk glass pieces were embedded in epoxy resin, then

cross sections were polished and etched with 1 mol% HF for 30 seconds. They

have been coated with iridium (2 nm thick) and observed using a SEM-FEG

(Field Emission Gun) ZEISS LEO 1550 (Jena, Germany), at a 5 kV accelerat-100

ing voltage. Observations have been done with the In-lens secondary electrons

detector.

2.6. Solid-state NMR

31P and 27Al MAS-NMR (Magic Angle Spinning Nuclear Magnetic Res-

onance) spectra were recorded at 9.4 and 18.8T on Bruker AVANCE I and105

AVANCE III spectrometers, respectively, with a 4mm probe at 12.5 kHz spin-

ning speed for 31P and a 3.2mm probe at 20 kHz spinning speed for 27Al. The

Larmor frequencies were 161.9 and 208.5MHz for 31P and 27Al, respectively.

For 31P, the pulse duration was 4.8µs (π/2), and the recycle delay (rd) was

120 s. For 27Al, the pulse duration was 1µs (π/10), and the rd 2 s. The re-110

cycle delays have been defined to enable enough relaxation to get quantitative

spectra. The 31P chemical shifts are relative to 85% H3PO4 solution at 0 ppm

and those of 27Al are referred to Al(NO3)3 solution as 0 ppm. Decomposition of

NMR spectra was done by using dmfit software[24]. The 27Al/31P 2D maps were

edited with the dipolar heteronuclear multiple quantum coherence (D-HMQC)115
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sequence [22] on a 18.8T spectrometer with a 3.2mm HPAl probe operating

at a spinning frequency of 20 kHz. The 988×23 datas points and 3988×19 for

LAS0.2-P1 and LAS0.7-P1 samples, respectively, were acquired with a 27Al se-

lective 90◦-τ -180◦-τ spin-echo. The 31P channel was irradiated with 90 ◦pulses

and with a 1.1ms recoupling time with the SR421 sequence. Each t1 was recorded120

with 16384 scans for LAS0.2-P1 (18432 for LAS0.7-P1) with a rd of 0.5 s.

3. Results

3.1. Study of the crystallization

3.1.1. DSC investigations

Figure 1 shows the DSC curves obtained during heating of the glasses with125

and without P2O5 and for different alumina contents. These curves show an

endothermic shift of the baseline, which is characteristic of the glass transi-

tion (Tg). The increase in Tg when R ratio increases can be attributed to the

polymerization of the aluminosilicate glass network. The crystallization of the

glasses is revealed by exothermic peaks, which are more or less intense and130

broad as will be discussed hereafter. We observe two different crystallization

behaviors depending on the R ratio: for low alumina content, R<0.7, crys-

tallization peaks are sharper and they appear at lower temperature in glasses

with P2O5 than those without P2O5. For the composition with R=0.2, the

DSC curve of the glass with P2O5 shows two crystallization peaks, located135

at 646 ◦C and 740 ◦C. These crystallization events are at lower temperatures

compared to the glass without P2O5, which exhibits a single crystallization

peak at 770 ◦C. These observations are consistent with those on other glasses

from the literature, designed to form lithium disilicate glass–ceramics in the

SiO2–Al2O3–Li2O–K2O–ZrO2–P2O5 system [11]. For R≥0.7, crystallization140

peaks are observed at higher temperatures for the glasses with P2O5, com-

pared to those without P2O5. In addition, large crystallization exotherms (i.e.

large ∆T, where ∆T is the width of the crystallization exotherm) are observed

both with and without P2O5. The complete attribution of the different exother-
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mic events is beyond the scope of this paper. The parameter ∆Tx(=Tx-Tg),145

reflecting the glass stability (GS) [25], can also be considered. The higher the

∆Tx, the lower the ability of a glass to crystallize. In our case, the exact in-

terpretation is not easy as two crystallization mechanisms can occur: volume

crystallization and surface crystallization. However, a different behavior for the

glasses containing P2O5 is clearly observable: when R<0.7, ∆Tx is lower (lower150

GS) for compositions with P2O5 than ∆Tx for compositions without P2O5. For

R≥0.7, the opposite effect is observed: the addition of P2O5 increases the glass

stability. As the role of P2O5 is different for low or high alumina content, we

will focus our investigation on two glass compositions representative of these two

different crystallization behaviors: the LAS0.2-P1 composition corresponding to155

R<0.7 range and the LAS0.7-P1 composition corresponding to R≥0.7 range.

3.1.2. Crystalline phases detected by XRD and RAMAN analysis

The lack of Bragg peaks in the XRD pattern of the LAS0.2-P1 sample (fig-

ure 2a) confirms that the initial glass is amorphous. For the annealed samples,

the first Bragg peaks are observed for a treatment at 650 ◦C for 1 minute and160

are assigned to lithium metasilicate (Li2SiO3, JCPDS No. 29-0829) and lithium

disilicate (Li2Si2O5, JCPDS No. 70-4856) phases. Then, with further treatment

at 650 ◦C for 1 hour, petalite (LiAlSi4O10, JCPDS No. 83-1470) phase appears,

which has a layered structure of Si2O
2–
5 sheets (like Li2Si2O5) linked by Li and

Al tetrahedra. A β-quartz phase (JCPDS No. 89-8949) is also observed at this165

thermal treatment. At 815 ◦C for 1 hour, a small peak due to Li3PO4 (JCPDS

No. 15-0760) is detected and β-quartz solid solution (a lithium aluminosilicate

phase, β-quartz ss) appears, as evidenced by the shift of the main peak of the

β-quartz phase to lower 2θ value. Petalite and Li2SiO3 are no more observ-

able. With higher treatment temperature (900 ◦C, 1 hour), β-spodumene solid170

solution (β-spodumene ss, JCPDS No. 35-0794) phase appears.

For the LAS0.7-P1 composition (figure 2b), the as-cast glass also shows an

amorphous bump, but the crystallization sequence is different for the annealed

samples. The first Bragg peak appears at 750 ◦C for 1 minute and is attributed
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to a β-quartz solid solution (JCPDS No. 31-0707). With further annealing at175

800◦C for 1 minute, peaks characteristic of β-spodumene solid solution (JCPDS

No. 35-0794) appears. Li2SiO3 (JCPDS No. 29-0829) and Li3PO4 (JCPDS No.

15-0760) crystals are observed after 1 hour treatment at 800 ◦C.

Raman study was performed on the two selected glass and glass-ceramic

compositions. No curve fitting or deconvolution of the spectra have been done,180

since spectra were recorded only to get the signatures of the different amorphous

and crystalline phases. In addition, information can be obtained on the phos-

phorous environment in the glass and its evolution with temperature by looking

at the 950 cm–1 region, which will be detailed in the next section. Main Raman

peaks are assigned in figure 3.185

For both glasses in figure 3(bottom), two main regions can be observed.

The region between 350-650 cm–1 is attributed mainly to bending vibrations of

Si-O and Al-O bonds associated with high-membered rings of the aluminosili-

cate network [26]. The region between 1000-1200 cm–1 is attributed to Si-O-Si,

Si-O-Al asymmetric stretching vibrations and symmetric Si−O– stretching vi-190

brations [26].

For the LAS0.2-P1 composition (figure 3a), no sharp bands are observable

before treatment at 650 ◦C for 1 hour. The main sharp bands at 409, 451

and 1104 cm–1 on the spectrum for this treatment are attributed to Li2Si2O5

crystals [27]. At this temperature, crystallization of Li2SiO3 is also observed195

by the presence of peaks at 607 and 979 cm–1, close to those of pure Li2SiO3

(613 and 977 cm–1 in [28]). In addition, the band at 488 cm–1, characteristic of

petalite crystals [29], is also detected at this temperature. At 740 ◦C for 1 hour,

the presence of a sharp band at 462 cm–1 indicates β-quartz crystallization [30].

With further annealing, at 815 ◦C 1 hour, the shift of the band at 462 cm–1 to200

479 cm–1 indicates the appearance of β-quartz solid solution [30]. At 900 ◦C 1

hour, the band is shifted to a large band near 488 cm–1, characteristic of the

presence of β-spodumene solid solution (close to pure β-spodumene at 492 cm–1

in [31]). The crystallization of Li3PO4 is evident at high temperature with the

sharp peak at 947 cm–1 close to that of pure γ−Li3PO4 at 950 cm–1 according205
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to [32].

For the LAS0.7-P1 composition (figure 3b), no sharp bands are observable

after annealing at 750 ◦C 1 minute. The spectrum of heated sample at 800 ◦C

for 1 minute shows the crystallization of β-quartz solid solution with the band at

480 cm–1 [30] and the shoulder at 453 cm–1 [31]. The apparition of β-spodumene210

solid solution at the expense of β-quartz solid solution is evident at 850 ◦C by

the shift of the band from 480 to 490 cm–1 and by the 192 cm–1 band [31].

Li3PO4 and Li2SiO3 crystallization are observed after a treatment at 800 ◦C for

1 hour with the sharp bands at 944 cm–1 for Li3PO4 [32] and 975 and 603 cm–1

for Li2SiO3 [28].215

3.1.3. Microstructure

Figure 4a shows SEM image of the LAS0.2-P1 glass treated at 650 ◦C for

1 minute. Small holes distributed uniformly can be observed. They are at-

tributed to Li2SiO3 crystals observed on the XRD pattern, which are easily

dissolved in the HF acid solution used for sample preparation, due to their low220

polymerization degree (chain-like structure). Figure 4b shows SEM image of

the LAS0.7-P1 glass treated at 800 ◦C for 1 minute. Surface crystallization is

visible for this sample (constituted of β-quartz ss and β-spodumene ss according

to XRD pattern), while no crystal formation is detected in the bulk.

3.2. Structure of the glasses and glass-ceramics225

3.2.1. Structure of as-cast glasses

The 31P MAS-NMR spectra of the two glasses in figure 5a present broad

resonances characteristics of the amorphous environment around phosphorous.

The spectrum of LAS0.2-P1 shows a resonance at 9.2 ppm assigned to orthophos-

phate units (PO 3–
4 ) [33]. In addition, a second resonance around 0 ppm can be230

attributed to pyrophosphates units (P2O
4–

7 ) [16] and possibly PO 3–
4 species

charge compensated by Al3+. Indeed, replacing Li+ by Al3+, which is more

strongly bonded, produces an upfield change in the chemical shift, that means

more negative values [34]. In solid solution of crystallized Na3-3xAlxPO4, Dol-
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lase evidenced a change of about 8 to 9 ppm for each additional Al [34]. For235

the LAS0.7-P1 composition, with a higher alumina content, a single broad reso-

nance is present at -3.5 ppm, shifted to more negative chemical shifts compared

to LAS0.2-P1, which is attributed to the presence of more Al3+ cations com-

pensating the PO 3–
4 species [20]. These species containing P-O-Al bonds are

called POAl complexes in this study.240

The 27Al MAS-NMR spectra of the two glasses are shown in figure 5b.

They show a single peak in the region 55-60 ppm, ascribed to aluminum in

tetrahedral coordination (AlIV). Owing to the presence of an excess of Li+ for

the charge compensation, Al3+ adopts a tetrahedral conformation, as reported

in per-alkaline aluminosilicate glasses [35]. In addition, a small peak around245

25 ppm for the LAS0.2-P1 is detected and could be due to AlV as it has been

detected earlier in per-alkaline-earth aluminosilicate glasses. [36]

In order to confirm the presence of POAl complexes mentioned above in

these glasses, 31P-27Al heteronuclear correlation 2D-NMR spectra have been

recorded to probe the spatial proximity of these nuclei [23]. For that purpose,250

27Al{31P} D-HMQC spectra (figure 6) have been recorded. The two spectra

exhibit correlation signals between phosphate and aluminate species indicating

that Al(IV)-PO4 entities are present in the glass, even at low alumina content.

The projections of the 2D spectra are sketched as dashed lines in figure 6. They

show that the maximum intensity of the correlation is centered at 3.5 ppm in255

the 31P dimension for the LAS0.2-P1. However, this contribution does not take

into account all the information under the curve: POAl complex is not the only

entity as shown in figure 5. Two other species: PO 3–
4 only surrounded by Li+ at

9.2 ppm and pyrophosphate species P2O
4–
7 around 0 ppm are observable and are

not affected by the correlation. For the LAS0.7-P1 composition, the maximum260

is shifted to -3.5 ppm in the 31P dimension. The projection of the correlation

(in dashed line on the left figure 6b) and the 1D spectrum are superimposed.

This indicates that all the P atoms are affected by the correlation and that

they see Al3+ atoms in their environment. This implies that all the P units are

connected to Al.265

10



Previous studies on sodium aluminosilicate glasses evidenced the presence

of POAl complexes [20, 21, 23]. In their study of peralkaline compositions,

Toplis and Schaller [20] concluded on the presence of individual PO 3–
4 tetra-

hedra linked to the aluminosilicate framework with the replacement of one or

two Na atoms by Al atoms. They denoted these species Na2(NaAl)PO4 and270

Na(NaAl)2PO4 where (NaAl) represents one of the four bonds of a Al(IV)

charge balanced by sodium (0.25NaAl4+). Na2(NaAl)PO4 is at 7 ppm while

Na(NaAl)2PO4 at -5 ppm. Similarly, in our peralkaline Li-aluminosilicate glasses,

we can attribute the resonances at 3.5 ppm and at -3.5 ppm to Li2(LiAl)PO4 and

Li(LiAl)2PO4, respectively. The latter species is the main contribution for the275

LAS0.7-P1 composition.

3.2.2. Evolution of the local environment around P with temperature

The 31P MAS-NMR spectra of the glass LAS0.2-P1 and glass-ceramics show

differences with thermal treatments (figure 7a). Treatment at 550 ◦C for 1 hour

already induces some modifications of the environment around 31P though this280

temperature is below the glass transition temperature. The intensity of the

contribution near 9.2 ppm increases in intensity and its position is shifted to

9.5 ppm. On the spectrum of the sample treated at 650 ◦C for 1 minute, the

resonance is shifted again to higher chemical shift near 10 ppm and its intensity

becomes sharper, indicating the onset of orthophosphate crystallization. In-285

deed, the chemical shift is close to the chemical shift of pure crystalline Li3PO4

(10 ppm) [33]. However, the linewidth of the resonance is still large (∼3 ppm)

indicating a chemical shift distribution due to some residual disorder. The per-

sistence of disorder suggests the presence of a poorly crystallized intermediate

species. With further thermal treatments at 650 ◦C, 740 ◦C, 815 ◦C and 900 ◦C290

for 1 hour, this contribution becomes even sharper and its linewidth decreases to

∼0.8 ppm at 900◦C, the same order of magnitude for the linewidth has been ob-

served in the study of Bischoff et al. [17] at high temperature treatment. These

modifications reveals the increasing crystallinity of this orthophosphate species

(Li3PO4). In parallel, the resonances at 3.5 ppm and around 0 ppm decrease295
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in intensity and almost disappear at 815◦C. The only resonance remaining at

900◦C is the one at 10.3 ppm, corresponding to crystalline Li3PO4 (figure 7a).

Theses changes are also consistent with the thermal evolution associated with P

environment observed by RAMAN spectroscopy (figure 3a). The intense band

near 950 cm–1 is assigned to the symmetrical stretching vibration of the P-O300

bond [37]. For the as-cast glass, this band is broad and located at 957 cm–1.

This corresponds to P in the silicate network, mainly in orthophosphate species.

With increasing annealing temperatures, the band increases in intensity and be-

comes sharper and its position is shifted down to 947 cm–1, very close to the

band characteristic of γ−Li3PO4 located at 950 cm–1 [32]. The shift in position305

starts at 550 ◦C for 1 hour treatment, in agreement with the evolution of the

local P environment determined by NMR (figure 7a).

For the composition LAS0.7-P1, the 31P MAS-NMR spectra of the glass and

the glass-ceramics heat-treated at 700 ◦C and 750 ◦C for 1 minute are nearly

identical. A peak at 10 ppm attributed to nanocrystalline Li3PO4 (linewidth310

∼1.8 ppm) appears after a treatment at 800 ◦C for 1 minute, while the con-

tribution around -3.5 ppm is still present. With annealing at 800◦C, 850 ◦C

and 900 ◦C for 1 hour, this peak becomes sharper and its position is shifted to

10.6 ppm (linewidth of ∼1.1 ppm). It is the only observable contribution at the

end of annealing treatments.315

The RAMAN spectra for the LAS0.7-P1 composition (figure 3b) are also in

agreement with the evolution observed by NMR. Unlike the LAS0.2-P1 com-

position, no PO 3–
4 band is discernible at 957 cm–1 in the as-cast glass. The

band associated with Li3PO4 (944 cm–1) first appears after the 800 ◦C 1 minute

treatment like in the NMR spectrum.320

4. Discussion

4.1. Chemical dependence of the crystallization process

The DSC study provided evidence for two contrasting crystallization be-

haviors of the glasses, depending on their alumina contents. At low alumina
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content, addition of P2O5 results in DSC peaks that become sharper and lo-325

cated at lower temperatures compared to the glasses without P2O5. It is known

that for a given heating rate (10 ◦C/min in all our DSC experiments), a sharp

peak (small ∆T) denotes bulk crystallization while a broad peak (large ∆T) is

an indication of surface crystallization [38]. SEM analysis (figure 4b) confirms

mainly internal crystallization for the LAS0.2-P1 glass (figure 4a). Moreover,330

the addition of efficient nucleating agents such as TiO2 and ZrO2 in some alu-

minosilicate glasses leads to crystallization peaks at low temperatures [39, 40].

This effect was also observed for P2O5 in lithium disilicate-based glass [41, 42],

which was explained by more nucleation sites created with the addition of P2O5.

For high alumina content R≥0.7, crystallization peaks are broad with or335

without P2O5, suggesting surface crystallization in both cases, which is con-

firmed by SEM analysis (figure 4b). In addition, Tc is higher with P2O5, re-

vealing a delay in crystallization in this glass composition. This suggests an

opposite effect of the P2O5 compared to the glass with low alumina content.

This difference of nucleation efficiency with P2O5 has been also evidenced in340

a previous study [10]. They have observed for a compositionally complex LAS

glass with 2.5 wt% P2O5 that surface crystallization is favored at high alumina

content while volume crystallization is obtained at low alumina content. How-

ever, the origin of this difference has not been investigated. To understand this

contrasting behavior, we have considered the structural evolution of the local P345

environment during different annealing treatments. As shown earlier [11] [43],

crystalline phases containing phosphate are observed by XRD only for high

temperature treatments, whereas NMR and Raman spectroscopies are able to

detect subtle variations at much lower temperature, even in the Tg range. This

is because XRD necessitates the organization of large crystallization domains,350

whereas NMR and RAMAN investigate disordered and ordered local arrange-

ments.
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4.2. P2O5 as nucleating agent

Upon annealing, important changes of the P environments can be observed

with two distinct behaviors for the low and high alumina glass compositions355

(figure 7). For the LAS0.2-P1 glass, modifications of the P environment is

observed for the glass heat treated at 550 ◦C for 1 hour (figure 7a), i.e. prior

to the detection of any crystallization with XRD (figure 2a). This suggests

that some structural relaxation takes place, which corresponds to a structural

reorganization around phosphorous atoms. Raman analysis (figure 3a) confirms360

this initial reorganization around P.

In the sample heat treated at 650 ◦C for 1 minute, the orthophosphate con-

tribution is shifted towards high chemical shift values and its intensity becomes

sharper, indicating that P atoms evolves towards an environment consistent with

the formation of crystalline Li3PO4 but not well crystallized, as the linewidth365

is large compared to pure Li3PO4. This species appears concomitantly with the

crystallization of the first phases detected by XRD (Li2SiO3 and Li2Si2O5 in our

study). This disordered Li3PO4 has been suggested as an intermediate nucle-

ation step in previous crystallization investigations for non stoichiometric disil-

icate glasses [17][18]. In these studies, a strongly disordered P-containing phase370

appears first with Li2SiO3 crystallization while well-ordered crystalline Li3PO4

appears at higher temperature together with the formation of Li2Si2O5 [17][18].

Similarly, annealing of the LAS0.2-P1 glass at higher temperatures (650 ◦C

1h, 740 ◦C 1h and 815 ◦C 1h) lead to an increase of the ordering around P as indi-

cated by the sharpening of the NMR resonance at 10 ppm. This is accompanied375

by the disappearance of the pyrophosphate Li4P2O7 and Li2(LiAl)PO4 species.

After annealing at 900 ◦C for 1 hour, the only contribution is at 10.3 ppm,

attributed to well-crystallized Li3PO4 and Bragg peaks characteristics of this

phase are observed by XRD.
31P MAS-NMR spectrum for the LAS0.2-P1 glass show that the monomeric380

PO 3–
4 and dimeric P2O

4–
7 units are essentially present in the as-cast glass,

surrounded by Li+ ions to ensure charge compensation of the tetrahedral units.

An ascertained role of P is to promote phase separation in glasses [9]. However,
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it is difficult to conclude if the PO 3–
4 tetrahedra are isolated from each other or

if they tend to segregate within the silicate network. Using an advanced NMR385

technique (31P spin-counting), Fayon et al. [44] have shown that nanometric-

sized heterogeneities can be evidenced in a lime phosphosilicate bioactive glass

with phosphate clusters containing 5-6 PO 3–
4 entities. A similar approach ap-

pears unsuccessful in our glass since we have measured that the relaxation time

is too low (<7ms) compared to the one (around 20ms) required to probe P-P390

connectivities with this technique.

Although the glass studied is transparent and no phase separation is observ-

able by SEM, nano-heterogeneities in terms of P-enriched nano-domains could

still be present. Indeed, Dargaud et al. [45] evidenced nano heterogeneities by

electron microscopy of 1-5 nm for a MgO-Al2O3-SiO2 glass with ZrO2 addition395

though the glass is transparent and appears as amorphous by XRD. Interest-

ingly, during the first annealing treatments, the P environment evolves towards

the formation of disordered Li3PO4 domains. Locally, these clusters correspond

to Li+ ions scavenged by the phosphorous atom and a remaining silicate net-

work depleted in Li+ ions and, thereby, more polymerized. This is confirmed400

by Bischoff et al. [17], who evidenced by a 29Si/7Li NMR correlation technique

a lithium clusterization before crystallization of Li2SiO3. These disordered or-

thophosphate clusters embedded in the silicate network have two possible effects

on the crystallization mechanism. First, the crystallization of silicate phases is

possible due to lowering interfacial energy resulting from a high concentration405

of Li atoms and a low polymerization of the silicate network close to Li- or-

thophosphate clusters. These compositional and structural fluctuations should

promote the formation of Li2SiO3. This scenario explains the proximity of the

silicate phases and Li3PO4 and corresponds to the epitaxial growth observed in

a early study by Headley and Loehman [15]. Alternatively, the orthophosphate410

heterogeneities are embedded in a silicate network whose composition is shifted

towards the center of the Li2O-SiO2 immiscibility dome. This could promote

phase separation between Li-rich regions and Si-rich regions, not necessarily

associated with the orthophosphate domains. Again, such liquid-liquid phase
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separation could favor homogeneous nucleation of silicate phases. In both cases,415

internal crystallization is achieved.

4.3. P2O5 as inhibitor of crystallization

In the case of the LAS0.7-P1 composition, the 31P MAS-NMR spectra of

glasses annealed at 700 ◦C and 750 ◦C for 1 minute show very little variation

compared to the as-cast glass (figure 7b). The first important modification in420

the NMR spectra appears after annealing at 800 ◦C for 1 minute, that is after

the first crystallization observable by XRD at 750 ◦C for 1 minute. At 800 ◦C,

a peak at 10 ppm appears due to nanocrystalline Li3PO4 while the contribution

Li(LiAl)2PO4 is still present. In the RAMAN spectra in figure 3b, the two first

modifications appear simultaneously at 800 ◦C: the main band characteristic of425

β-quartz ss and the one due to Li3PO4. Both NMR and RAMAN agree that

no rearrangement around P is observed before crystallization of the LAS0.7-P1

glass, contrary to LAS0.2-P1. When crystallization of Li3PO4 occurs, POAl

complexes are no more detected in the NMR spectra.

In the LAS0.7-P1 composition, the nanocrystalline Li3PO4 appears after430

crystallization of the aluminosilicate network and this is not preceded by a reor-

ganization of the P environment. This indicate that for the Al-rich compositions,

P does not play an active role in the crystallization process, which explains that

surface crystallization mainly occurs. A nucleating role for P is likely inhibited

by the formation of POAl complexes. Though spatial proximities between P and435

Al is revealed by the 27Al{31P} D-HMQC correlation technique for the two com-

positions with low and high alumina content, the POAl complexes are present in

a minor amount in LAS0.2-P1 NMR spectra at 3.5 ppm. The POAl complexes

present for low alumina content strongly suggests a preferential association of

these two cations. For the LAS0.7-P1 glass (figure 6b), the component at-440

tributed to POAl complexes is clearly predominant (at -3.5 ppm) and no PO –
43

tetrahedra surrounded only by Li+ or P2O
4–
7 can be detected. This indicates

that addition of P2O5 results in the incorporation of PO +
4 tetrahedral units

within the aluminosilicate network. Due to the Al avoidance rule, few Al-O-Al
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bondings are expected and Al atoms are dispersed within the polymeric network445

of alkali aluminosilicate glasses [46][47]. Consequently, phosphorus atoms are

likely well-separated within the aluminosilicate network due to their bonding

with Al. Such network organization prevents the formation of phosphate clus-

ters and the formation of Li-rich zones, contrary to LAS0.2-P1. Furthermore,

PO +
4 sites are stabilized as charge balance is ensured by AlO –

4 tetrahedra [48].450

The formation of P-O-Fe3+ complexes in silicate melts was also proposed to

hinder the crystallization of magnetite [49].

In addition, Tc peaks (Figure 1) appears at lower temperatures in LAS0.7-P0

compared to LAS0.7-P1 indicating that P2O5 mitigates the surface crystalliza-

tion of β-quartz ss. P2O5 plays no role in bulk crystallization but affects in455

another way the crystallization of this glass by stabilizing the glass structure.

Others studies concluded on this dual role of P2O5 depending the composition

in SrO–TiO2–Al2O3–SiO2–B2O3 system [50]. In addition, in a Na2O-2CaO-

3SiO2 glass, addition of 2wt% of P2O5 enhances glass-forming tendency by

diminishing nucleation rate[51].460

5. Conclusions

Compositions from the LAS system with different R =
Al2O3

Li2O
ratio and with

P2O5 have been investigated. Thermal analysis showed a distinct crystallization

behavior for low and high alumina content. 2 compositions were selected with

low and high alumina content, and phase evolution and environment around465

phosphorus have been explored, as well as their modification after thermal

treatments at different temperatures. This work reveals two distinct roles of

P2O5 depending on the presence of POAl complexes: easier bulk crystallization

is obtained for the R=0.2 composition, indicating a nucleating role for P2O5,

while higher crystallization temperatures are observed for the R=0.7 composi-470

tion, suggesting that P2O5 enhances glass stability. The POAl complexes could

be detected even with low alumina content thanks to the enhanced sensitivity of

the D-HMQC NMR pulse sequence. The nucleating role of P2O5 is not related
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to the crystallization of lithium orthophosphate phases, as these crystals appears

after the crystallization of lithium silicate phases. The presence, and develop-475

ment upon annealing, of structurally disordered heterogeneities associated with

P is responsible for changes in structure and properties of the remaining glass,

which promotes crystallization at low alumina content. With increasing Al2O3

content, the POAl complexes become the dominant species. These complexes

result in the dispersion of phosphate species within the glass matrix and prevent480

the formation of the heterogeneities associated with P. As a consequence, P2O5

can be considered as a crystallization inhibitor in LAS glasses with high alumina

content.
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Glass SiO2 Al2O3 Li2O P2O5 R Tg(
◦C) Tx(

◦C) Tc(
◦C) Tx-Tg(◦C)

LAS0-P0 74.4 0.3 25.3 0.01 0.01 483 659 764 176

LAS0-P1 73.6 0.2 25.1 1.1 0.01 477 606 635 129

LAS0.2-P0 75.7 4.6 19.7 0.02 0.23 507 660 832 153

LAS0.2-P1 74.3 4.2 20.7 0.8 0.20 509 592 646 83

LAS0.4-P0 74.5 7.4 18.1 0.01 0.41 536 651 770 115

LAS0.4-P1 75.0 7.6 16.4 1.0 0.46 548 617 639 69

LAS0.7-P0 73.6 10.8 15.6 0.01 0.69 594 559 769 65

LAS0.7-P1 73.8 10.2 15.0 1.0 0.68 614 708 840 94

LAS1-P0 74.0 13.2 12.8 0.003 1.03 748 852 922 104

LAS1-P1 73.7 13.0 12.5 0.79 1.04 736 936 1005 200

LAS1.3-P0 74.1 14.7 11.2 0.01 1.32 770 1080 1222 310

LAS1.3-P1 75.0 14.6 9.4 0.96 1.55 778 / 1234 /

Table 1: Compositions (mol%) analyzed by EPMA and FAES for the glasses investigated in

this study. R=Al2O3
Li2O

. Tg is the glass transition temperature and Tx is the temperature of the

first crystallization peak determined from the DSC curves. The error in the determination of

Tg, Tx and Tc is estimated close to ± 2 ◦C.
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Figure 1: Differential scanning calorimetry curves of the glasses without (orange) P2O5 and

with (purple) 1mol% P2O5
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(a)

(b)

Figure 2: XRD patterns of the compositions LAS0.2-P1 (a) and LAS0.7-P1 (b) annealing at

different temperatures and times
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(a)

(b)

Figure 3: RAMAN spectra of LAS0.2-P1 (a) and LAS0.7-P1 (b) annealed at different tem-

peratures and times
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(a)

(b)

Figure 4: SEM image of samples polished then etched with 1% HF for 30 seconds of (a)

LAS0.2-P1 annealed at 650 ◦C for 1 minute, (b) LAS0.7-P1 annealed at 800 ◦C for 1 minute
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(a)

(b)

Figure 5: (a) 31P MAS-NMR spectra recorded at 9.4T, (b) 27Al MAS-NMR spectra recorded

at 18.8T of as-cast glasses LAS0.2-P1 and LAS0.7-P1
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(a)

(b)

Figure 6: 27Al{31P} D-HMQC spectra recorded at 18.8T of as-cast glasses LAS0.2P1 (a)

and LAS0.7-P1 (b). The dashed lines are the 31P projections of the 2D spectra.
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(a)

(b)

Figure 7: 31P MAS-NMR spectra recorded at 9.4T of LAS0.2-P1 (a) and LAS0.7-P1 (b)

annealed at different temperatures and times
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