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 Abstract 

We report a detailed structural investigation of Ca-Na aluminosilicate glasses containing 0-

20 wt% ZrO2 using X-ray absorption spectroscopy, Raman spectroscopy and 27Al and 29Si 

NMR. The X-ray absorption spectroscopy data reveal that Zr is predominantly present in ZrO6 

octahedra but a significant Zr coordination change occurs with increasing ZrO2 content. Though 

Al and Zr are competing to be surrounded by charge balancing cations, 27Al NMR data do not 

show the presence of high-coordinated Al species; thus charge-balancing cations are 

preferentially localized close to AlO4 tetrahedra rather than Zr polyhedra, explaining the 

increase in Zr coordination number that ultimately leads to limit Zr solubility in glasses. Raman 

and 29Si NMR data indicates that Zr atoms are linked to the silicate network with a trend for 

higher degree of network connectivity at high zirconia content. Change in network connectivity 

and in Zr environment provide insights to understand chemical durability or crystallization in 

glasses. 
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 1.Introduction 

Zirconium is encountered as a key constituent element of High Level Waste (HLW) glasses, 

coming both as a fission product and from fuel cladding materials of zirconium alloys [1], and 

it can be present in high concentration near the refractory-melt interface in industrial furnaces 

[2]. Zr has beneficial effects on glass properties, improving chemical durability or mechanical 

resistance, increasing viscosity and decreasing thermal expansion [3][4][5][6][7]. 

Zr can adopt variable environment in glasses depending on its content or network 

polymerization as investigated by numerous X-ray absorption studies 

[1][8][9][10][11][12][13]. Zr is typically observed in ZrO6 octahedra ([6]Zr) in alkali silicate 

and aluminoborosilicate glasses. High coordinated Zr species such as seven-fold ([7]Zr) and 

eight-fold ([8]Zr) coordinated sites have been also observed and their presence can be explained 

by a deficit of charge balancing cations which are required to ensure charge compensation of 

(ZrO6)2- sites [13]. The presence of [8]Zr has been reported within highly polymerized glasses 

[8] while [7]Zr has been suggested at high ZrO2 content in alkali borosilicate glasses [14]. [7]Zr 

has been observed as the dominant species in Mg aluminosilicate glasses [15] and this 

coordination number was also suggested in a Ca aluminosilicate glass [11]. These high 

coordinated species could trigger the nucleation of ZrO2, which is encountered in the formation 

of glass-ceramics [16]. Indeed, Zr is an efficient nucleating agent, whose environment is 

essential to understand the first stages of nucleation in glasses [17][18]. 

Very few studies have investigated glasses with high ZrO2 content, though understanding 

the Zr local environment is important to increase zirconia solubility while controlling the 

crystallization occurring near saturation. Only borosilicate glasses with high ZrO2 levels, up to 

25 wt%, have been investigated [14][4][19] as well as high-zirconia glass fibers (soda silicate 

glass containing about 16 wt% ZrO2), used for cement reinforcement due to high alkali 

durability [20]. However, higher ZrO2 concentration can be obtained for amorphous materials 

prepared via a sol-gel route [21][22][23]. Saturation of ZrO2 in glasses depends strongly on 
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compositions with a trend towards a higher solubility in depolymerized glasses, containing 

typically high amounts of alkali oxides [24][8].  

In this contribution, we have considered glasses in the Na2O-CaO-Al2O3-SiO2 system up to 

domains at the limits of saturation in ZrO2. This limit has been firstly investigated using 

predictive thermodynamic calculations with a quasi-chemical model and, in a second time, by 

the characterization of glasses using complementary structural methods, X-ray absorption 

spectroscopy (XAS), Raman spectroscopy and high-field 27Al and 29Si NMR. We report the 

modification around Zr environment and the evolution of the aluminosilicate network.  

 

 2. EXPERIMENTAL 

 

 2.1. Sample composition and preparation 

Reagent grade raw materials (<0.01wt% impurities) were weighted according to glass 

compositions reported in Table 1, in order to prepare a batch of 10 g. The 0Zr composition is 

chosen close to that of a window glass. To decrease the composition uncertainty, the humidity 

of raw materials has been controlled and CaCO3 and Na2CO3 powders have been decarbonized 

at 780 °C during 10 hours. The mixtures was melted in Pt crucibles at 1550 °C during 4-6 h in 

air using an electric furnace. The liquid was quenched by immersing the bottom of the crucible 

into water and then mechanically fractured and crushed. The powder was remelted in the same 

conditions to enhance glass homogeneity. 

The chemical compositions were determined by Electron Probe Micro-Analysis (EPMA) 

using a Cameca SX-Five electron microprobe at the CAMPARIS center (Sorbonne University, 

Paris). An accelerating voltage of 15 kV and a beam current of 10 nA were used. The values in 

Table 1 are the average of 10 different measured points. A short counting time 5 s was chosen 

to limit alkali migration during acquisition. The sample name referred to the wt% of ZrO2 in 

the glass, 5ZrAl corresponds thus to the glass containing 5wt% ZrO2. 
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Table 1. Glass composition determined by quantitative EPMA analysis (the standard deviation 

is in parenthesis). 

 SiO2 
Mol% 

Al2O3 
Mol% 

Na2O 
Mol% 

CaO 
Mol% 

ZrO2 
Mol% 

0ZrAl 67.45 (0.83) 6.96 (0.22) 13.48 (1.34) 12.11 (0.21) - 

5ZrAl 67.65 (0.82) 7.20 (0.22) 10.46 (1.31) 11.86 (0.12) 2.83 (0.33) 

7.5ZrAl 65.30 (0.50) 6.87 (0.24) 12.33 (0.22) 11.36 (0.15) 4.14 (0.13) 

10ZrAl 65.5 (1.06) 7.04 (0.71) 11.95 (0.63) 10.45 (0.35) 5.06 (0.24) 

12ZrAl 63.32 (0.25) 6.64 (0.15) 12.14 (0.09) 11.35 (0.07) 6.55 (0.23) 

15ZrAl 62.72 (0.28) 6.37 (0.09) 11.62 (0.11) 11.31 (0.16) 7.98 (0.29) 

16ZrAl 64.67 (1.06) 6.30 (0.71) 9.28 (0.63) 11.10 (0.35) 8.65 (0.24) 

 

 2.2. Structural methods 

To be able to characterize the glass structure at different scales and to obtain the complete 

picture of Zr integration in the alumino-silicate glass structure, we combine several structural 

methods. 

 

2.2.1. X-ray absorption spectroscopy 

XANES (X-ray absorption near edge structure) data were collected at the Zr L2,3-edges on 

the LUCIA beamline [25] at the SOLEIL synchrotron facility (Saint-Aubin, France) using a 

Si(111) double crystal monochromator with a current in the storage ring of 500 mA and an 

energy of 2.75 GeV. Data were recorded in fluorescence yield (FY) mode using a silicon drift 

detector and total electron yield (TEY) mode using the sample drain current in vacuum at 

ambient temperature. Each spectrum is the average of at least two acquisitions with an energy 

step of 0.2 eV near the edge at a counting time of 3 seconds. XANES spectra were obtained for 

crystal references containing Zr in different environments: Baghdadite (Ca3ZrSi2O9) contains a 

distorted ZrO6 site with six different Zr-O distances spanning from 1.97 Å to 2.20 Å [26], 

Baddeleyite (monoclinic ZrO2) contains a distorted ZrO7 site with Zr-O distances ranging 

between 2.05-2.28 Å [27], and zircon (ZrSiO4) contains a ZrO8 site with two Zr-O distances at 
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2.13 Å and 2.27 Å [28]. FY spectra are reported in this paper except for m-ZrO2 and zircon for 

which TEY-XANES spectra are presented. 

After normalization of the high energy side using Athena software [29], a residual 

background simulating the edge-jump was subtracted by fitting an arctangent function. The 

background-free spectra have then been fitted with two pseudo-voigt functions. The parameters 

of the pseudo-voigt functions give information on the 4d energy levels that are sensitive to the 

coordination number.  

XANES and EXAFS (Extended X-ray absorption fine structure) spectra were recorded at Zr 

K-edge on the XAFS beamline [30] of the Elettra synchrotron facility (Italy), with electron 

storage ring operating at 2 GeV and 310 mA. Synchrotron radiation was monochromatized with 

a Si(111) double crystal monochromator to scan over the Zr K-edge for the spectral range of 

17.7-19.5 keV. The data were collected in transmission mode using ionization chambers filled 

with a mixture of different gases in order to have 10%, 70% and 95% of absorption in the I0, I1 

and I2 chambers respectively. A Zr foil was used for energy calibration in each scan. A typical 

scan lasts ~30 min and 3 scans were measured and averaged to give the signal in transmission 

mode using a N2 flow cryostat at a fixed T~77 K. Background corrections and normalization 

was obtained using Athena software [29]. The extraction of the EXAFS signals, c(k), was also 

processed using Athena program by removal of a spline-smoothing function, and r-space 

EXAFS spectra were obtained by calculating the Fourier Transform (FT) of the k3c(k) signals 

in the (2.5-14) Å-1 k-range using a Hanning function.  

The·χ(k) EXAFS data were analyzed using ARTEMIS software [29]. The electronic 

parameters (passive electron reduction factor 𝑆"#, electron mean free path λ(k), backscattering 

phase Φ(k,2π) and amplitude f(k,2π)) were obtained by ab initio multiple scattering calculations 

using FEFF7 software [31] and considering structural crystalline models. EXAFS spectra were 

fitted by adjusting the three structural parameters, interatomic distance R, coordination number 

N, and the corresponding Debye–Waller factor σ2. The 𝑆"# and ∆𝐸" (energy shift of the 

photoelectron) were also determined. 

 

2.2.2. Raman spectroscopy 

Raman spectroscopy was used to determine the average changes in network connectivity 

induced by ZrO2 addition. Raman spectra were acquired using a Renishaw Qontor spectrometer 

with a green laser of 532 nm wavelength and 50 mW power for 10 seconds with 10 repetitions. 
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The spot was focused with a Leica x50 lens, giving an excited zone of about 5µm². The 

temperature and frequency dependence were corrected using the Long correction [32]. The 

spectra were normalized using the total area under the spectrum in the range 200-1400 cm-1.  

 

2.2.3. Nuclear magnetic resonance (NMR) spectroscopy 

The 27Al high-resolution NMR experiments have been conducted at 20.0 T (850 MHz) on a 

Bruker AVANCE spectrometer equipped with high-speed MAS probe head (spinning rates 

30 kHz, aluminum free zirconia rotors of 2.5 mm diameter). 1D MAS spectra have been 

acquired after a single short pulse (p/10) ensuring a quantitative excitation and quantification 

of 27Al central transition. Chemical shifts were referenced relative to Al(NO3)3 1M solution. 

29Si NMR experiments were conducted at 9.4 T (400 MHz) on a Bruker AVANCE I 

spectrometer using a 4 mm double resonance MAS probehead. The 29Si quantitative MAS 

spectra were recorded at a spinning frequency of 10 kHz with a pulse duration of 2.4 µs 

(corresponding to a flip angle of 30°) and a recycle delay of 60 s. Chemical shifts were 

referenced relative to TMS. The spectra have been simulated using DMfit software [33]. 

 

 3. Thermodynamics predictions and Zr solubility 

Thermodynamic calculations were performed using FactSage® software and a 

quasichemical model optimized for oxide glasses in order to determine the stability phase 

domains with increasing ZrO2 content. We have chosen a non-exhaustive list of nine crystalline 

phases that are expected to crystallize in our system: nepheline (NaAlSiO4), anorthite 

(CaAl2Si2O8), wollastonite (CaSiO3), mullite (2Al2O3-SiO2), cristobalite (SiO2) as well as 

several crystalline phases containing zirconium, zircon (ZrSiO4), the tetragonal low 

temperature form of ZrO2, monoclinic zirconia (m-ZrO2) and cubic zirconia (c-ZrO2).  

In the temperature range 600-1600 °C, the activity of glasses and of the nine crystalline 

phases is calculated (Fig. 1), indicating the domains of stability for each phases. The 

composition is expressed in wt% ZrO2 in the formulation. The variation of the ZrO2 content is 

at the expense of the other four oxides whose relative ratios are constant, which means that, 

when 1 wt% ZrO2 is added, the sum of all other oxides is reduced by 1 wt% in the composition, 

maintaining the mass ratios between the different oxides. 
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Fig. 1. Phase diagram in a Na2O-CaO-Al2O3-SiO2-ZrO2 system with increasing ZrO2 

content (wt%). ZrO2(s2)=t-ZrO2, ZrO2=m-ZrO2, SiO2(S6)=cristobalite. The red points 

correspond to the ZrO2 content 

 

The solubility limit of ZrO2 between 1400-1600 °C is expected to be 13-16 wt%. We 

selected the glass composition in this domain to get completely homogenous samples (red 

points in Fig.1). We successfully obtained glasses containing up to 15 wt% ZrO2 before 

observing saturation and crystallization. The melting temperature was set at 1550 °C and an 

increase of the melting temperature could allow the incorporation of more ZrO2, as suggested 

by Fig. 1. This saturation value is close to the 17-18 wt% predicted by the literature for similar 

compositions [24] and is consistent with the thermodynamic predictions. In borosilicate glasses, 

zirconia content is higher and can reach up to 21 wt% before crystallization [14][4]. 

Another point of consideration is that at lower ZrO2 content, crystallization of wollastonite 

and nepheline is expected during cooling down of these compositions. To avoid it, our glasses 

were quenched by removing the liquid from the furnace and immersing the bottom of the 

crucible into water. This was sufficient to bypass the crystallization, indicating that nucleation 

and crystal growth have slow kinetics.  

The ZrO2-free composition 0ZrAl (Table 1) represented in Fig. 1 was used to compare 

thermodynamic predictions with a real sample. DSC measurements (Fig. 2) show a single large 

crystallization peak at 1043 °C and the melting of crystals at 1204 °C. The glass transition 
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temperature is determined at 711°C. X-ray diffraction and Raman spectroscopy indicate the 

crystallization of wollastonite in this sample, as predicted by the thermodynamics calculations 

Fig. 1). Consistent with these predictions, no crystals containing zirconium, such as zirconia or 

zircon, have been found. However, the appearance of zirconium-carrying crystals in this 

composition domain is well known from glass manufacturers who can occasionally find them 

in the form of millimeter defects on the finished products [34,35]. Interactions in industrial 

compositions are much more complex than in our simple model due to more complex 

compositions and the much longer and variable thermal cycles in the glass melting furnace. 

 

 

Fig. 2. DSC curve of the 0ZrAl glass composition. 

 

Regarding the glass saturation with zirconium, glasses containing up to 15 wt% ZrO2 can be 

synthesized without observing crystallization. Crystallization was detected on the 16ZrAl 

sample by scanning electron microscopy (SEM) observations (Fig. 3), revealing two phases 

whose compositions were acquired by Electron Probe Micro-Analysis (EPMA). Note that the 

black area corresponds to the resin in which the crushed glass was inserted. The grey regions 

in Fig. 3 correspond to the glass, saturated in ZrO2 with 15.7 wt% in average according to 

EPMA analysis, which is consistent with thermodynamics calculations. The white regions 

correspond to ZrO2 crystals. Zirconium in excess crystallizes in ZrO2 above the saturation limit 

in agreement with thermodynamics calculation at 1500°C. The fast temperature decrease during 
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quenching probably prevents the formation of zircon, which is predicted in the phase diagram 

in Fig 1. 

 

 

Fig. 3. SEM image of the 16ZrAl glass sample. Saturated glass at 15/16 wt% ZrO2 in grey 

and ZrO2 crystals formed by excess Zr in white. 

 

 4. Experimental results 

 

 4.1. Zr environment from XAS spectroscopy 

 

4.1.1. XANES at Zr L2,3-edges 

XANES spectra at L2,3-edges are shown in Fig. 4 for the three crystalline references: 

baghdadite (Ca3ZrSi2O9), baddeleyite (m-ZrO2) and zircon (ZrSiO4). The Zr L2,3 edges are due 

to transition from 2p to 4d states. In Oh symmetry, each edge is composed of two peaks 

associated with the crystal field splitting of the 4d states into t2g and eg empty states. The energy 

levels of these states lead to the two energy positions that can be well separated contributions 

or overlapped contributions. The previous studies on these materials [13][36][37] showed that 
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energy positions and relative intensities of the t2g and eg levels depend strongly on the site 

symmetry and thus on the coordination number and, in a second order, on the site distortion. 

The two t2g and eg energy levels are well separated on the spectra of baghdadite in which 

zirconium is in six-fold coordination. The energy position of the two peaks gives an apparent 

crystal field splitting of 2.8 ± 0.2 eV. The two energy levels are less resolved for Baddeleyite 

containing Zr in 7-fold coordination due to the important site distortion and the poor symmetry 

of this site [38]. A lower crystal field splitting of 2.2 ± 0.2 eV is observed. Finally, in zircon 

containing zirconium in 8-fold coordination, the two bands are almost merged. The L2-edge 

spectra show the same behavior although the data have a lower quality. These results are 

consistent with previous observations and multiplet calculations [10]. 

 

 

Fig. 4. XANES spectra of crystalline references at the Zr L3 (a) and L2 (b) edges. 

 

XANES spectra at L2,3-edges are shown in Fig. 5 for the studied glasses. L3-edge spectra 

present also a better signal/noise ratio than L2-edge spectra. Each of these spectra shows two 

well-resolved features. However, the spectra evolve with the addition of ZrO2. To better 

quantify these changes, the t2g and eg levels were fitted using pseudo-Voigt functions. The 

position, area and FWHM (full width at half maximum) for the two peaks of each edge are 

shown in Fig. 6. The apparent crystal field splitting for glasses is very close to those of 

Ca3ZrSiO9 (this study) and elpidite (Na2ZrSi6O15.3H2O [13]) that both present [6]Zr sites. 

Evolution of the peak position (Fig. 6b) indicates that the energy levels do not vary significantly 

with the ZrO2 content. Therefore the apparent crystal field splitting is not strongly modified. 

These results indicate predominant [6]Zr sites. However, the measured area of each peak 
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decreases while the FWHM increases with the addition of ZrO2 and this effect is more important 

for the ZrO2-richest glass (15ZrAl and 16ZrAl). This broadening fills the gap between the two 

peaks, which can be associated with the distortion of the zirconium sites or a change in 

coordination number.  

A deconvolution of the XANES spectra can be performed using a linear combination of the 

XANES spectra representative for [6]Zr and [7]Zr [36]. The spectrum of 5ZrAl glass has been 

considered as representative of [6]Zr. Indeed, the Baghdadite spectrum cannot fit the spectrum 

of 5ZrAl and it cannot be used as a reference for [6]Zr since the FWHM of the two peaks are too 

large due to the strong deformation of the ZrO6 site in this crystalline compound. This indicates 

that a high symmetry ZrO6 site exists in the 5ZrAl, as observed in previous EXAFS analysis in 

borosilicate glasses [9]. For the other glasses (except 16ZrAl), a linear combination indicates 

between 10-20% of high coordinated Zr species (Table 1 in Supplementary Information). 

Different combinations of m-ZrO2 and ZrSiO4 spectra, as representative models for highly 

coordinated Zr, and of 5ZrAl spectrum, as representative model for the [6]Zr, lead to statistically 

equivalent fits. This indicates that it is not possible to discriminate between [7]Zr and [8]Zr. For 

the 16ZrAl spectra, the amount of [6]Zr is the smallest with only 56%. This is consistent with 

the steep decrease in intensity and broadening of the L3 peaks. This also agrees with the Zr 

solubility limit for this composition. 

 

 

Fig. 5. XANES spectra at the Zr L3 (left) and L2 (right) edges for glasses with different 

ZrO2 contents. 
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Fig. 6. Peak parameters obtained by fitting the L3 edges using pseudo-Voigt functions as a 

function of ZrO2 content. The values corresponding to the energy level of the first band (low 

energy) are in red when those corresponding to the energy level of the second band (high 

energy) are in blue. 

 

4.1.2. XANES and EXAFS at Zr K-edge 

XANES spectra at Zr K-edge of crystalline compounds and glasses are plotted in Figure 7. 

The feature A is attributed to a transition from 1s energy levels to Zr4d/O2p molecular orbitals 

[39][40]. It occurs for site geometries without a center of symmetry and its intensity is thus 

enhanced for distorted sites. In references, the feature A is apparent for m-ZrO2 and is associated 

with site distortion. Since it is rather weak for the spectra of the glasses, this indicates a small 

site distortion of the Zr sites. The main resonance after the onset of absorption is split into two 

contributions B and C. Their attribution is not straightforward as they result from multiple 

scattering processes that cannot be simply related to a structural feature. Their evolution 

compared to the references is usually used considered [16,37]. The C component is more intense 

than the B one for [6]Zr crystalline model compounds [1][10] as well as in the spectrum of 

Baghdadite measured in this work. These two features are not well separated for Baddeleyite 

but the general trend is that the peak B is more intense than the peak C for [7]Zr and [8]Zr 

references. All the XANES spectra of the glasses are similar to each other and close to that 

observed for Baghdadite. The relative intensities of peaks B and C are consistent with [6]Zr as 

the dominant coordination species in the glasses investigated, but the peak C is less intense in 

glasses compared to the [6]Zr reference, which indicates possible site distortion or high 

coordinated sites. Given the small intensity of peak A, the latter explanation is preferred. Finally 

the feature D is the first EXAFS oscillations that appear in Figure 8a. 
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Fig. 7. XANES spectra at Zr K-edge for crystalline references and glasses. 

 

The extracted Zr K-edge EXAFS oscillations are shown in Fig. 8 with the modulus of the 

Fourier transform of the k3c(k) signals for the Zr-containing glasses. The EXAFS spectra 

acquired on each glasses are similar and do not show significant differences. The EXAFS 

oscillations can be fitted using different parameters for each scattering path: interatomic 

distance, R, coordination number, N, and Debye-Waller factors including both structural and 

thermal disorder, s2. The structural information for the Baddeleyite crystal was used to fit the 

EXAFS spectrum up to 4 Å using single scattering paths of each neighboring shells around the 

absorbing element (Fig. 9). The scattering paths are generated using Feff code [31]. The fit 

gives R and N values in agreement with crystallographic data determined by X-ray diffraction 

and allows the determination of the reduction factor, 𝑆"# = 0.648±0.002, which is the value used 

for the glass spectra analysis.  
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Fig. 8. (a) Zr K-edge k3-weighted EXAFS spectra and (b) modulus of the Fourier 

transform of the k2-weighted EXAFS signals. 

 

 

Fig. 9. Real and imaginary part of the EXAFS spectrum of the Baddeleyite reference used 

for the determination of 𝑆"#. The blue and purple curves correspond to the measurement and 

the fit, respectively. 

 

For the fit of EXAFS spectra for each glass, it is necessary to determine the best combination 

of diffusion paths and, for each path, R, N and s2 values. The following single scattering paths 

were selected: the first neighbor oxygen diffusion path of the Baddeleyite [41]; second (Al/Si) 

neighbors at 2.99 Å of zircon; second Zr neighbors at 3.4 Å of Baddeleyite. It is not possible to 

make the difference between Al or Si neighbors due to their close atomic numbers. For each 

shell, the coordination number (N), interatomic distances (R), and Debye-Waller (s) factors 
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were refined and the fitted values are grouped in Table 2, as well as the error factor R-factor. 

The accuracy on the determination of the coordination number is on the order of ±0.3, so the 

slight variations that we observe are exploitable with caution. The accuracy of the interatomic 

distances and Debye Waller factors (shown in parenthesis in Table 2) are based on the layer 

under consideration. 

 

Table 2. Structural parameters used to fit the glass EXAFS spectra for three shells of neighbours 

(O, Al/Si and Zr) with R the interatomic distance, s the Debye-waller factor, N the coordination 

number and R-factor the goodness of fit parameter. The error is in parenthesis on the last digit. 

The error on the coordination number is ±0.3. 

 O Al/Si Zr  

 N R 

(Å) 

s2 

(Å2) 

N R 

(Å) 

s2 

(Å2) 

N R 

(Å) 

s2 

(Å2) 

R-

factor 

5ZrAl 5.9 2.08(1) 0.005(5) 3.3 2.91(1) 0.006(3) 1.4 3.32(4) 0.030(5) 0.011 

7.5ZrAl 6.1 2.08(1) 0.004(5) 3 2.91(1) 0.005(5) 1.5 3.37(4) 0.021(5) 0.016 

10ZrAl 5.9 2.08(1) 0.006(5) 2.8 2.90(1) 0.006(5) 1.1 3.34(3) 0.029(4) 0.013 

12ZrAl 6.3 2.08(1) 0.004(5) 3 2.91(1) 0.005(4) 1.2 3.38(3) 0.026(5) 0.023 

15ZrAl 6.4 2.09(1) 0.004(5) 3 2.93(1) 0.005(5) 1.5 3.40(3) 0.032(6) 0.034 

 

The coordination number of the oxygen atoms around zirconium increases from 6 to 6.4 as 

the ZrO2 content increases. In view of our accuracy, this change is small but can correspond to 

the predictions of the thermodynamic analysis (Fig. 1), i.e. the formation of a very small amount 

of ZrO2, even below the saturation threshold. This is consistent with the apparition of [7]Zr sites, 

which were also suggested in the analysis of the L2,3-edges XANES spectra, though [6]Zr is the 

predominant species in all glasses investigated. The Zr-O mean interatomic distance is 

2.08 ± 0.01 Å in agreement with previous investigations [1][10][14][39]. The second shell of 

Al/Si neighbors has a relatively stable coordination number of 3 with a Zr-Si/Al distance around 

2.91 ± 0.01 Å which increases slightly to 2.93 Å at high ZrO2 content. This distance is small 

compared to the Zr-Si distances obtained in borosilicate glasses, 3.4 ± 0.1 Å [10][42], for which 
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corner-sharing polyhedra between SiO4 and ZrO6 units are considered. The short distance 

observed for aluminosilicate glasses implies edge-sharing polyhedral linkages that exist in 

zircon but involve a cubic Zr site. A similar model has already been proposed for 

aluminosilicate glasses [37]. Finally, a contribution from a third shell corresponding to Zr 

neighbors was required to get a good fit. This contribution indicates that Zr-O-Zr connections 

exist, even with only 5wt% ZrO. For this Zr second neighbor shell, the interatomic distance 

increases significantly with ZrO2 content from 3.32 Å for 5 wt% ZrO2 to 3.40 Å for 15 wt% 

ZrO2. The number of zirconium neighbors is small ~1.4 and this value does not vary 

significantly with the ZrO2 content. 

 

 4.2. Raman spectroscopy 

 Raman spectra for the five glasses are shown in Fig. 10. The 400-600 cm-1 region 

corresponds to the bending vibrations of the Si-O-Si bonds. The 500 cm-1 band shifts towards 

higher wavenumbers with increasing Zr content. This can be associated with Zr atoms 

deforming the silicate network and modifying the ring statistics [5] or to the crystallization of 

ZrO2-contaning phases [43]. 

Major changes are observed in the 850-1200 cm-1 region that corresponds to the stretching 

modes of the Si-O bond within the SiO4 tetrahedra forming Qn units (n is the number of bridging 

oxygen). This region gives a good qualitative, and sometimes quantitative, estimate of the 

degree of connectivity in glasses. Between the different Raman spectra, the intensities of the 

bands at 980 cm-1 and 1080 cm-1 are those evolving the most. Indeed the band at 1080 cm-1 

decreases in intensity as the concentration of zirconium increases and, concomitantly, the 

intensity of the band at 980 cm-1 increases. The 1080 cm-1 band is commonly attributed to the 

characteristic vibration of the Q3 species. The 980 cm-1 band is less common and has already 

been assigned to the Si-O-Zr vibration in a borosilicate glass [42][43][44]. Following Quintas 

et al., this band is ascribed to Q3 SiO4 units associated with one ZrO6 octahedron (a silicon atom 

linked to three second neighbors silicon and one zirconium neighbor) and is noted Q3(Zr). 
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Fig. 10. Raman spectra acquired on glasses. Some spectra have been displaced for clarity. 

Lines indicate the shift of the band at ~500 cm-1 and the position of the bands at 980 cm-1 and 

1080 cm-1. 

 

 4.3. 27Al and 29Si NMR spectroscopy 

27Al high-field and 29Si NMR measurements were conducted to investigate the influence of 

zirconium content on aluminum and silicon environments (Fig. 11). 
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Fig. 11. (a) 27Al and (b) 29Si MAS-NMR spectra of the different glasses. 

 

Table 3: NMR parameters estimated from simulation of 27Al NMR spectra: isotropic chemical 

shift (diso) quadrupolar coupling constant (CQ) and distribution of chemical shift (DCS). 

Sample diso (ppm) 

± 0.1 ppm 

CQ (kHz) 

± 1 kHz 

DCS (ppm) 

± 0.1 ppm 

0ZrAl 62.0 4634 10.3 

5ZrAl 62.4 5101 11.0 

7.5ZrAl 62.6 5114 11.2 

10ZrAl 63.1 5339 11.1 

12ZrAl 62.8 5280 11.0 

15ZrAl 63.1 5326 11.3 

 

27Al NMR spectra show a single signal centered near 60 ppm consistent with aluminum in 

tetrahedral configuration. The asymmetric lineshape is typical of disordered materials 

exhibiting a distribution of both the quadrupolar interaction, CQ, and the isotropic chemical 

shift, diso. No five- or six-fold coordinated Al species could be detected. The spectra have been 

simulated using Gaussian distribution of diso and a Gaussian isotropic model for the distribution 

of the quadrupolar interaction parameters CQ and hQ (Czeckj model implemented in the DMfit 

software [33]). The values of NMR parameters are grouped in Table 3. In the case of 0ZrAl, 

the NMR parameters, especially the CQ value of 4.6MHz, is coherent with a tetrahedral 

aluminum charge compensated by Na+ [45]. As the ZrO2 content increases, we observe an 

increase of both isotropic chemical shifts and quadrupolar coupling constants up to 5.3MHz for 

ZrAl15. This indicates that an increasing part of aluminum is compensated by cation with a 

higher field strength than Na+, in this case probably Ca2+ [46]. 

29Si NMR spectra (Figure 11) show a broad resonance centered at around -92 ppm associated 

with the overlapping of different Qn species. In aluminosilicate glasses, various chemical 
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environments around Si (𝑄()  with m the number of Al second neighbors) do not allow a clear 

separation of the different contributions. The presence of Zr adds another complexity due to the 

possibility of Si-O-Zr bonds as detected by Raman spectroscopy. Table 4 summarized the 

chemical shifts and the FWHM determined by fitting the spectra for three glasses. A slight shift 

of the peak towards positive chemical shifts is observed, associated with a narrowing when the 

ZrO2 content increases. We can note a similar trend in aluminoborosilicate glasses [44]. The 

effect is small and does not allow us to quantify a difference in distribution between the Qn 

species. However a chemical shift around -90 ppm is coherent with a majority of Q3 species 

charge compensated by Ca2+ and the shift towards positive values suggests a slight decrease in 

polymerization. 

 

Table 4: NMR parameters estimated from simulation of 29Si NMR spectra: chemical shift of 

center of gravity (dCG) and full weight hlf maximum (FWHM).  

Sample dCG (ppm) 

± 0.1 ppm 

FWHM (ppm) 

± 0.1 ppm 

ZrAl0 -92.2 18.2 

ZrAl5 -92.2 18.5 

ZrAl15 -91.5 17.2 

 

 

 

 5. Discussion 

 5.1. Zr local environment 

XANES spectra at Zr K- and L2,3-edges and EXAFS signals at Zr K-edge give consistent 

information on the Zr environment. The majority of Zr atoms are localized in ZrO6 octahedra 

with probably a small distortion compared to Zr environment in Baddeleyite and given the small 

s2 values for the first Zr-O shell (Table 2). As the ZrO2 content increases, a significant evolution 

is put in evidence with an increasing proportion of [7]Zr and possibly [8]Zr sites. As XRD patterns 
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do not exhibit Bragg peaks (except for 16ZrAl glass), these high coordinated Zr species remain 

in amorphous environments. For the 15ZrAl the proportion of [7]Zr and [8]Zr is ~20% (see Table 

Si1), at the limit of Zr solubility. For 16ZrAl, an approximate equal amount of [7]Zr and [8]Zr up 

to 45% is detected but this glass contains ZrO2 crystals.  

The presence of ZrO8 units has been reported in polymerized glasses such as albite glass 

(NaAlSi3O8) and was an indication of saturation of the melt in Zr [39]. ZrO7 units were also 

observed in Ca and Mg aluminosilicate glasses [37][15][12][11]. In the SiO2-Al2O3-MgO-ZnO-

ZrO2 system, EXAFS analysis indicate edge-sharing linkages with SiO4 or AlO4 tetrahedra as 

in zircon and direct linkages between Zr polyhedra. The trend to have Zr segregation within the 

aluminosilicate structure prefigures the structural organization that prevails in Zr-rich 

crystalline phases, which favors ZrO2 precipitation [48]. As shown in Fig. 1, ZrO2 crystals are 

expected for high Zr amount. Zircon is predicted at all compositions but at relatively low 

temperature and their presence can be bypassed by rapid quenching of the melt. 

The evolution of Zr environment with ZrO2 content could strongly affect the macroscopic 

glass properties and the glass durability in particular. For instance alkali resistant glass fibers 

used as reinforcement materials for cements contain a high proportion of ZrO2 (17wt%) that 

prevents the attack of the silicate network by hydroxyl OH- ions [7]. This is probably due to the 

formation of amorphous or distorted hydrated Zr oxides (HZO). The HZO layer forms a Zr-rich 

protective surface barrier that inhibits further attack [48]. The [7]Zr sites present at high ZrO2 

content are also the dominant sites in amorphous HZO, as observed by Zr L2,3 edges [36], which 

could favor the HZO formation. 

In nuclear waste glasses, similar glass alteration occurs but the mechanism is complex and 

strongly dependent on the Zr concentration. The short term dissolution kinetics is slowed down 

significantly with increasing ZrO2 content whereas, in the long term, the degree of corrosion is 

very high in near-saturated conditions which was explained by the persistence of Si-O-Zr bonds 

in the surface layer [36][6][49]. The Si-O-Zr linkages are less prone to hydrolysis compared to 

Si-O-Si linkages, which prevents reorganization and porosity closure of the alteration gel. HZO 

were inferred by Zr L2,3-edges XANES spectra during alteration of nuclear waste glasses in 

undersaturated conditions and their apparition results from the leaching of the charge 

compensators [36].  

The Zr-O average distance of 2.09 Å derived by EXAFS analysis is consistent with a 

majority of ZrO6 octahedra and indicates a most probable association with Na as preferential 

charge balancing cations [6]. Indeed, calcium silicate glasses exhibit a Zr-O distance at 2.14 Å 
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and this lengthening of the Zr-O bond is ascribed to the higher field strength of Ca2+ compared 

to Na+ [12][42]. In the quaternary Na2O-CaO-Al2O3-SiO2 system, Molecular Dynamics 

simulations and 17O 3Q-MAS NMR also suggest that Ca2+ cations show a preferential 

interaction with the non-bridging oxygen [50][51]. A negative charge excess on the (ZrO6)2- 

octahedra requires a local charge compensation that is bring by two positive charges from alkali 

or alkaline-earth ions. This is similar to the charge stabilization of the (AlO4)- group and, 

thereby, Al and Zr behaves similarly by capturing charge-balancing cations. For both elements, 

the charge balancing is more effective with Na rather than Ca [44]. A competition can occur for 

the charge balance of AlO4 and ZrO6 units and the addition of ZrO2 within the glass structure 

increases this competition.  

Whatever the ZrO2 content, 27Al NMR spectra indicate that aluminum is always four-fold 

coordinated to oxygen. In the case of 0ZrAl, given the composition of the glass and the affinity 

of aluminum for sodium, the negative charge of [4]Al is charge compensated by Na+. This is 

confirmed by the small value of the quadrupolar coupling constant measured on 27Al NMR 

spectrum (i.e. 4.6 MHz). This value increases when ZrO2 content increases indicating that an 

increasing part of [4]Al is charge compensated by a cation with higher field strength than Na+. 

This suggests that part of Na+ is enlisted to charge compensated [6]Zr sites and that [4]Al 

tetrahedra are progressively compensated by Ca2+. When the ZrO2 content increases (16ZrAl), 

not enough Ca and Na are available to charge compensate both Al and Zr sites. As a result, the 

coordination of Zr increases and its environment is less stabilized within the glass structure 

which triggers ZrO2 crystallization.  

 

 5.2. Zr-O-Zr linkages 

EXAFS analysis provide information regarding the second shell environment in the 

surroundings of Zr. A Zr-Zr distance near 3.3-3.4 Å is indicative of Zr-Zr clustering. The Zr-

Zr average distance increases with increasing ZrO2 content. This result is counter-intuitive 

because the higher the number of zirconium atoms, the lower the average distance between two 

atoms is expected. This evolution of the Zr-Zr distances is likely related to the Zr coordination 

increase with ZrO2. Indeed for the ZrO2-rich samples, the interatomic Zr-Zr distance is close to 

that in Baddeleyite at 3.460 Å in which Zr is 7-fold coordinated [41]. This increase in Zr-Zr 

distances could therefore implies a pre-organization towards the formation of Baddeleyite 

(which is not observed by X-ray diffraction) as ZrO2-rich compositions are near the Zr 

saturation limit. This result is therefore consistent with the slight increase in the average 
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coordination number of oxygen atoms around Zr. The high coordinated Zr species are abundant 

for glasses with high zirconia content and the Zr local environment and the segregation of Zr 

polyhedra have probably important role in the nucleation of ZrO2. 

 

 

Fig. 12. Schematic representation of ZrO6 unit linked with (Si,Al)O4 and ZrOx units and 

distances between Zr and the Zr or (Si,Al) neighbors. 

 

 5.3. Influence of ZrO2 content on the aluminosilicate network 

The addition of zirconium into the glass decreases the amount of Q3 species in favor of Si-

O-Zr bonds designed as Q3(Zr). The Q3(Zr) Raman band confirms the presence of Si atoms as 

a second neighbor near Zr, also detected by EXAFS (Table 2). The addition of zirconium would 

therefore lead to the transformation of silicon linked with three network forming units (SiO4 or 

AlO4) and one non-bridging oxygen (NBO) to a silicon linked with four network forming units, 

considering Zr as a network former. With the addition of ZrO2, more cations are required for 

charge balancing Zr sites yielding fewer nonbridging oxygen species and a network 

repolymerization is expected. The strong bonding between the silicate network and Zr was 

directly evidenced by a signal corresponding to Si-O-Zr bonds in 17O MQ-MAS NMR spectra 

in borosilicate glasses [52]. 

The higher network connectivity with the addition of ZrO2 is in good agreement with the 

increased viscosity observed when zirconium is added [53] and Figure 2 in Supplementary 

Information.  
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The slight shift towards higher chemical shifts for 29Si spectra and higher ZrO2 content could 

have various origins: it can translate a polymerization of the silicate network or it can be due to 

the presence of zirconium as second neighbors. A narrowing of the 29Si NMR peak is also 

observed in aluminoborosilicate glasses with addition of ZrO2 and was ascribed to zirconium 

increasing the silicate network rigidity since angular distribution of SiO4 tetrahedra are more 

constrained [44]. A strengthening of the network was also invoked by Molecular Dynamics 

(MD) simulations in borosilicate glasses with increasing ZrO2 concentration up to 8 mol% ZrO2 

and ascribed to increasing amount of six-membered rings [5]. 

 

 6. Conclusion 

We have clarified the evolution of the structure and Zr environment in Na-Ca aluminosilicate 

glasses with high-zirconia content using X-ray absorption spectroscopy at Zr L2,3 and K-edges, 

NMR and Raman spectroscopy. The detailed zirconium environment is presented as a function 

of the ZrO2 concentration. Zr environment is mainly octahedral but high coordinated Zr species 

are increasing with the ZrO2 content and reach 20-25% of Zr atoms in the most ZrO2-rich 

glasses, prior the solubility limit and ZrO2 crystallization. Increasing ZrO2 concentration has a 

little effect on the Al environment indicating that that Al competes favorably over Zr to attract 

charge balancing cations. Experimental data can detect Si-O-Zr linkages, indicating strong 

connectivity between Zr polyhedra and the silicate framework, and Zr-O-Zr linkages, indicating 

important Zr segregation even at low ZrO2 content. The presence of these linkages could have 

strong influence on the chemical durability or crystallization properties of these glasses.  
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SUPPLEMENTARY INFORMATION 

 

Table SI1 : Results of fit using linear combination of spectra characteristic of [6]Zr, [7]Zr and 
[8]Zr. For each sample, three combinations are presented: x*5ZrAl+y*mZrO2+z*ZrSiO4, 

*5ZrAl+y*mZrO2 and x*5ZrAL+z*ZrSiO4). x, y and z are given for the three linear 

combination and are fractions adding up to 1.  

R-factor is the goodness quality of the fit (𝑅+,-./0 = (∑(𝑑𝑎𝑡𝑎 − 𝑓𝑖𝑡)#) ∑ 𝑑𝑎𝑡𝑎#⁄ ). E0 is the 

edge energy for each spectra to fix up any inconsistencies in energy alignment (Ravel and 

Newville, 2005). 

Sample x y z R-factor  
(10-3) 

E0 (eV) 

7.5Zr 0.898 0.057 0.045 0.1525 -0.011 
-0.089 
-0.355 

 0.907 0.083  0.2047 -0.012 
-0.404 

 0.886  0.114 0.2924 -0.011 
-0.106 

10Zr 0.826 0.083 0.092 0.1690 -0.016 
-0.133 
-0.239 

 0.844 0.156  0.4084 -0.016 
-0.102 

 0.809  0.191 0.4864 -0.016 
-0.102 

12Zr 0.765 0.129 0.106 0.3258 -0.015 
-0.089 
-0.726 

 0.785 0.215  0.7306 -0.019 
-0.69 

 0.739  0.261 1.2963 -0.011 
-0.353 

15Zr 0.800 0.038 0.163 2.0803 -0.027 
2.057 
-0.686 

 0.788  0.212 2.2482 -0.023 
-0.49 

 0.828 0.172  3.3164 -0.032 
-0.825 

16Zr 0.557 0.226 0.217 0.7715 -0.019 
-0.223 
-0.828 

 0.599 0.401  3.2931 -0.030 
-0.958 

 0.511  0.489 5.3089 -0.005 
-0.470 
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Figure SI-1 : Proportion of [6]Zr species as reported in Table SI-1 as a function of ZrO2 

content. The 5ZrAl sample has been arbitrarily fixed at 100% [6]Zr. 

 

 

Figure SI-2 : Viscosities for the glass investigated in this study. 

 


