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Abstract 

Glass-ceramic composite materials have been investigated for nuclear waste sequestration 

applications due to their ability to incorporate large amounts of radioactive waste elements. 

Borosilicate- and Fe-Al-borosilicate glass-ceramic composites containing pyrochlore-type 

Gd2Ti2O7 crystallites were synthesized at different annealing temperatures and investigated by 

multiple techniques. Backscattered electron (BSE) images were collected to investigate the 

interaction of the pyrochlore crystallites with the glass matrix. Examination of the X-ray 

absorption near edge spectroscopy (XANES) spectra from the composite materials has shown 

how the glass composition, pyrochlore loading, and annealing temperature affects the chemical 

environment around the metal centers. These investigations have shown that the Gd2Ti2O7 

crystallites can dissolve in the glass matrix depending on the glass composition and annealing 

temperature. The borosilicate glass composite materials were implanted with high-energy Au- 

ions to mimic radiation induced structural damage. Surface sensitive glancing angle XANES 

spectra collected from the implanted composite materials have shown that structural damage of 

Gd2Ti2O7 occurs as a result of implantation, and that these materials show a similar response to 

ion implantation as Gd2Ti2O7 alone. 

Keywords: Glass-ceramic composites; Pyrochlore; Electron microscopy; XANES; Ion 

implantation; Nuclear waste sequestartion   
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1. Introduction:  

 The safe and effective disposal of nuclear waste, especially high level nuclear waste 

(HLW), has become a crucial issue in our increasingly industrialized and globalized society.1-5 

Extensive studies have been performed in the field of nuclear waste immobilization, leading to 

the development of various nuclear wasteforms that are composed of: amorphous glasses, 

crystalline materials, glass-ceramic composites, and casks.4-8 A nuclear wasteform must exhibit 

long-term chemical durability to isolate radioactive nuclear waste from the biosphere for a 

sufficiently long time (i.e., thousands of years).9-11  

Glass-ceramic composites have received attention for the immobilization (i.e., 

sequestration) of nuclear waste beacause of the flexible structure of these materials, which can 

enhance the incorporation of radioactive waste elements.6,8,12-14 For glass-ceramic materials to be 

a potential nuclear wasteform, they must have a homogeneous distribution of crystalline 

materials in the bulk of a glass matrix, and the ability to incorporate actinides and other fission 

products in either the crystalline structure or the glass matrix.13,15,16,17 The glass in these 

composites can also act as a secondary barrier for the radioactive waste incorporated in the 

crystalline material.16-18 Glass-ceramic composite materials can exhibit varying degrees of 

resistance to radiation induced structural damage depending on the composition of the glass 

and/or the crystalline material.4,18,19 During the decay of a radioactive element, α- and β- 

particles or γ-rays can be released with the radioactive element transforming to a daughter 

nucleide. The product of radioactive decay and its recoil energy can cause defects in the 

structure, as well as swelling and cracking of the materials.9 This can affect the long-term 

chemical durability of the nuclear wasteform.4,5,9 Therefore, it is important to understand how the 

chemistry of these materials affect their resistance to radiation induced structural damage, which 
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can be simulated using high energy ion beam implantation using ions such as Au-, Kr+, or 

Xe+.4,9,14,19-22 

 Borosilicate glass compositions have been proposed in the past for the immobilization of 

nuclear waste because of the stability and flexibility of the silicate network, which can also 

incorporate large amounts of radioactive waste elements.4,9,11,13,14 It has been recently 

demonstrated that the presence of transition metals (e.g., Fe) in the borosilicate glass can lead to 

an increased resistance to structural defects caused by β-particles or γ-rays.23-26 The release of 

β-particles and γ-rays from radioactive elements can lead to the formation of electron-hole pairs, 

which can result in a change in the silicate and borate bonding networks.23,25 Previous reports 

have suggested that Fe present in the glass matrix can trap the electron-hole pairs because of the 

redox characteristics of this element.23,25  

Rare-earth titanate pyrochlore-type crystalline oxides have been considered as potential 

nuclear wasteforms because the crystal structure of these materials can incorporate actinides, 

with natural samples having been found to contain up to 30 wt% UO2.27-30 Pyrochlore-type 

oxides can be represented by the general formula A2B2O7 (Space group:

€ 

Fd3m), where A3+ and 

B4+-site cations are in eight and six coordinate sites, respectively (see Figure 1).30-32 The 

potential for developing glass-ceramic composites containing pyrochlore-type oxides, and the 

possibility of these materials to be resistant to radiation induced structural damage, has led to an 

increased interest in using these materials for the sequestration of nuclear waste.12-17 

X-ray absorption near-edge spectroscopy (XANES) is a technique that can be used to 

investigate the changes in the electronic structure of the composite materials.34,35 The local 

coordination number (CN), oxidation state, and bonding environment of the element of interest 
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can be determined through the analysis of the intensity, absorption energy, and line shape of the 

spectra.36-39 Ion implantation can simulate radiation induced damage; however, these high-enegy 

ions can only implant in the near-surface region of the pellets. To selectively probe the damaged 

surface layer, surface sensitive glancing angle XANES (GA-XANES) can be used. During a 

GA-XANES experiment, which could also be refered to as grazing incidence XANES, the 

incident X-ray beam angle is set to be just above the critical angle (the angle at which total 

external reflection occurs) to selectively probe the damaged surface layer of a material.21,40,41   

The objective of this study was to understand the interaction of pyrochlore crystallites 

within a glass matrix, and to investigate how these materials change as a result of ion 

implantation. Composite materials consisting of a borosilicate (and Fe-Al-borosilicate) glass 

matrix containing Gd2Ti2O7 pyrochlore-type crystallites have been synthesized using different 

annealing temperatures. Electron microscopy and powder X-ray diffraction (XRD) have been 

used to study how the Gd2Ti2O7 crystallites dispersed in the glass matrix. The interaction of 

Gd2Ti2O7 in the glass matrix has been examined before and after ion implantation by collecting 

Ti K-edge (GA-)XANES spectra. Si L3-, Fe K-, and Al L3-edge XANES spectra were also 

collected to investigate how the electronic structure of the glass changes depending on Gd2Ti2O7 

loading, the glass composition, and the annealing temperature used to make these composite 

materials.  

2. Experimental  

2.1. Synthesis 

 Borosilicate glass (BG), Fe-Al-borosilicate glass (FABG), and glass-pyrochlore 

composites (BG/FABG-Gd2Ti2O7) were synthesized by a conventional solid state method. The 
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compositions of the borosilicate and Fe-Al-borosilicate glasses are listed in Table 1. 

Appropriate amounts of the respective metal oxide powders were mixed using a mortar and 

pestle and placed in graphite crucibles. The mixtures were annealed at 1100 oC for 1 hour in air 

to produce the glass materials. The amorphous structure was confirmed by examination of 

powder XRD data. Diffraction patterns from each sample were collected at room temperature 

using a PANalytical Empyrean X-ray diffractometer and a Co Kα1,2 X-ray source. The phase 

analysis was determined using the High Score Plus software package.42 The synthesized 

borosilicate glass and Fe-Al-borosilicate glass powders were re-annealed in air at 750 oC for 1 

hour and the phases of these samples were analysed using powder XRD. Fe-borosilicate glass 

(FBG) and Al-borosilicate glass (ABG) samples were also synthesized to aid in analysis of the 

XRD patterns. The compositions of these glasses are also listed in Table. 1.  

 Gd2Ti2O7 was synthesized using the ceramic method. Gd2O3 (Alfa Aesar, 99.99%) and 

TiO2 (Alfa Aesar, 99.9%) powders were mixed in stoichiometric amounts using a mortar and 

pestle and pressed into pellets uniaxially at 6 MPa. The pellets were heated in air at 1400 oC for 

6 days with intermediate mixing and pelleting. The phase purity of Gd2Ti2O7 was confirmed by 

powder XRD.  

 Different weight percentages of Gd2Ti2O7 (10 wt% to 90 wt%) were mixed with the 

borosilicate glass (BG) to form the glass-pyrochlore composites. Gd2Ti2O7 and BG were ground 

using a mortar and pestle to produce particles of ≤ 100 µm in size, pressed into pellets 

uniaxially at 6 MPa, and then placed in graphite crucibles. The pellets were heated in air at 1100 

oC or 750 oC for 1 hour. All composite materials were quench cooled in air and were observed 

to be glass beads after annealing. Similarly, FABG-pyrochlore composites (10 wt% to 90 wt% 

loadings of Gd2Ti2O7) were also formed at different annealing temperatures (1100 oC and 750 
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oC). The phase analysis of these composite materials was performed using powder XRD. The 

labels used to name the glasses and glass-ceramic composites studied are listed in Table 2. 

2.2. Electron microprobe analysis 

 Backscattered electron images (BSE) and energy dispersive X-ray spectroscopy (EDX) 

spectra were collected using a JEOL 8600 electron microprobe instrument. The glass-pyrochlore 

composite beads were mounted in a polymer resin and the surface of the beads was polished to a 

smooth surface using diamond paste. The samples were coated with a conductive carbon coating 

prior to introducing them into the instrument. BSE images were collected from the borosilicate 

glass composite materials (20 wt% and 40 wt% loading of Gd2Ti2O7 annealed at 1100 oC; 20 

wt%, 40 wt%, and 60 wt % loading of Gd2Ti2O7 annealed at 750 oC) at 1000X magnification. 

BSE images were also collected from the composite materials before and after ion implantation 

using a  magnification of 100X. EDX spectra were collected to determine the chemical 

composition at different locations in each sample.  

2.3. Ion beam implantation 

The borosilicate glass-pyrochlore composites (40 wt% loading of Gd2Ti2O7 annealed at 

1100 oC; 20 wt%, 40 wt%, and 60 wt% loading of Gd2Ti2O7 annealed at 750 oC) were implanted 

with high energy (2 MeV) Au- ions using the 1.7 MV Tandetron accelerator located at Interface 

Science Western (ISW), University of Western Ontario. The polished side of each glass-ceramic 

composite bead (see section 2.2) was implanted to a dose of 5×1014 ions/cm2. The ion beam was 

aligned normal to the glass-ceramic bead surface during implantation. As was stated in earlier 

reports, the 2 MeV Au- ions were calculated to implant to a maximum depth of ~450 nm in 

Gd2Ti2O7.40,41 The ion implantation depth profile calculated previously for Gd2Ti2O7 was used in 
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this study based on the the assumption that pyrochlore crystallites are located at the surface of 

the polished glass-ceramic composite beads that were exposed to the Au- ion beam. 

2.4. XANES  

Ti K- and Fe K-edge XANES spectra were collected from as-synthesized BG-Gd2Ti2O7 

and FABG-Gd2Ti2O7 (20 wt%, 50 wt%, and 80 wt% of Gd2Ti2O7) composite materials annealed 

at 1100 oC and 750 oC. The spectra were collected using the Canadian Light Source/X-ray 

Science Division Collaborative Access Team (CLS/XSD, Sector 20) bending magnetic beamline 

(20BM) located at the Advanced Photon Source (APS), Argonne National Laboratory.43 A 

Si (111) double crystal monochromator with harmonic rejection was used, which provides a 

photon flux of ∼1011 photons/s. The spectral resolution is 0.7 eV at 4966 eV (Ti K-edge) and 1.0 

eV at 7112 eV (Fe K-edge).43 Samples were prepared by sealing finely ground powder between 

layers of Kapton tape, and the thickness was varied by adding or removing layers of powder 

between tape to maximize the absorption-edge step height. The spectra were recorded in 

transmission mode using ionization chambers filled with He(g) and N2(g) (80% He:20% N2 for the 

Ti K-edge and 0% He:100% N2 for the Fe K-edge) to achieve optimal absorption-edge step 

heights and signal-to-noise ratios. XANES spectra were collected using a step size of 0.15 eV 

through the Ti K- and Fe K-edges. The Ti K-edge spectra were calibrated using Ti metal 

(4966 eV), and the Fe-edge spectra were calibrated using Fe metal (7112 eV).44  

Ti K-edge GA-XANES analysis of the ion implanted pellets of the glass-ceramic 

composites was also performed (using the 20 BM beamline located at the APS) by vertically 

focusing the X-ray beam to yield a beam height of 0.15 mm while maintaining the beam width at 

1 mm. Ti K-edge GA-XANES spectra were collected in fluorescence mode using a single 

element vortex silicon drift detector and a step size of 0.25 eV through the absorption edge. A 
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motor driven Huber (goniometer) stage was used to change the X-ray beam angle of incidence. 

The goniometer stage permits x-, y-, and z-axis translation as well as rotation of the angle (α) 

between the X-ray beam and the surface of the sample. The angle (α) was set to the desired 

glancing angle with an accuracy of 0.1o to reach different depths of the sample. A web based 

program was used to calculate the glancing angles required to reach specific X-ray attenuation 

depths for photons having energies of 4966 eV (Ti K-edge; see Table 3).45  

The Si L2,3-edge and Al L2,3-edge XANES spectra from the undamaged BG-Gd2Ti2O7 

and FABG-Gd2Ti2O7 composite materials were measured using the Variable Line Spacing-Plane 

Grating Monochromator (VLS-PGM; 11ID-2) beamline at the Canadian Light Source (CLS).46 

The samples were prepared by placing finely ground powder on carbon tape. The spectra were 

collected in total fluorescence yield mode (TFY) using a step size of 0.05 eV through the Si 

absorption edge and 0.025 eV through the Al absorption edge. The spectra were calibrated using 

elemental Si for the Si L2,3-edge (99.40 eV) and Al metal for the Al L2,3-edge (72.55 eV).44 

Analysis of all XANES spectra was performed using the Athena software program.47 

3. Results and discussion 

3.1. Powder X-ray diffraction  

 Powder XRD patterns from the glasses and glass-pyrochlore composite materials were 

collected to gain information about the different phases that are present in these materials. The 

XRD patterns from the composite materials annealed at 1100 oC and 750 oC are shown in 

Figures 2 and 3, respectively. The patterns from the glasses annealed at 1100 oC (BG-1100 oC 

and FABG-1100 oC) show only a broad hump in the region of 20-30o (Figure 2), which confirms 

the amorphous structure of these materials. The diffraction pattern from the borosilicate glass 
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annealed at 750 oC shows peaks representative of quartz (SiO2) along with a broad amorphous 

hump (Figure 3a), whereas the diffraction pattern from the FABG sample annealed at 750 oC 

shows only a broad hump (Figure 3b). This observation indicates that quartz (SiO2) was formed 

from the amorphous silicate network when the borosilicate glass (BG) was annealed at 750 oC; 

however, the amorphous nature of the Fe-Al-borosilicate glass (FABG) was stable when 

annealed at this temperature (c.f. Figure 3).48 The stabilization of the amorphous structure of the 

FABG sample was assumed to be a result of the presence of Fe and/or Al. The XRD patterns 

from the Fe- or Al- only containing borosilicate glass (i.e., FBG or ABG) samples annealed at 

750 oC (i.e., FBG-750 oC, ABG-750 oC) were collected to aid in the analysis of the stabilization 

of FABG-750 oC and these patterns are shown in Figures 3c and 3d. Diffraction peaks indicating 

the presence of quartz are observed in the pattern from the FBG sample but not in the pattern 

from the ABG sample, which indicates that Al2O3 is responsible for stabilizing the amorphous 

structure of the Fe-Al-borosilicate glass regardless of annealing temperature. The small addition 

of aluminum oxide (Al2O3), as a network modifier, can break SiO4
4- tetrahedral bridging bonds 

and stabilize the amourphous structure of the glass so as to not allow depolymerization of the 

glass network to occur.14,49,50 The presence of Aluminum oxide in the FABG sample helps to 

stabilize the amorphous structure of this material relative to the BG sample.  

 Powder XRD patterns were collected from all glass-ceramic composite materials and are 

shown in Figures 2 and 3. Diffraction peaks from crystalline Gd2Ti2O7 as well as a broad hump 

are observed in the patterns from the BG-Gd2Ti2O7-1100 oC, FABG-Gd2Ti2O7-1100 oC, and 

FABG-Gd2Ti2O7-750 oC composite materials (Figures 2a, 2b, and 3b). The patterns from the 

BG-Gd2Ti2O7-750 oC materials that contain different loadings of Gd2Ti2O7 (Figure 3a) contain 

diffraction peaks from Gd2Ti2O7 and quartz, as well as a broad hump that is representative of a 
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glass. The observed decrease in the intensities of the diffraction peaks from quartz with an 

increase in the loading of Gd2Ti2O7 (Figure 3a) is mainly caused by the progressive increase in 

the difference of the average scattering power between materials that contain diffirent loadings 

of Gd2Ti2O7 and quartz.  

Examination of the patterns from the composite materials annealed at 1100 oC (Figure 2) 

shows that the minimum Gd2Ti2O7 loading where the pyrochlore phase peaks started to appear in 

the diffraction patterns is 40 wt%. This indicates that some of the Gd2Ti2O7 crystallites dissolved 

in the glass when the composite materials were annealed at 1100 oC. However, the patterns from 

the composite materials annealed at 750 oC (Figure 3) showed the diffraction peaks from 

Gd2Ti2O7 in all of the composite materials studied. These observations indicate that the low 

annealing temperature (i.e., 750 oC) favours the formation of a composite material with a 

negligible amount of pyrochlore dissolving in the glass matrix.  

3.2. Electron microscopy 

 Backscattered electron (BSE) images from the borosilicate glass composites annealed at 

750 oC or 1100 oC are shown in Figure 4. BSE images are helpful for obtaining compositional 

maps of a sample, and for identifying phases depending on the average atomic number.51 The 

BSE images from the borosilicate glass composite materials (Figure 4) show that the pyrochlore 

crystallites (bright area) are distributed in the glass matrix (dark area). Pores are observed in the 

glass matrix because of air bubble formation during annealing.  

The BSE images from the composite materials annealed at different temperatures 

(Figures 4a-4e) shows that the grain size of the pyrochlore crystallites are observed to be smaller 

in the composite materials annealed at the highest temperature (1100 oC). The BSE images 
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(Figure 4d-e) collected from the composites annealed at 1100 oC shows that the Gd2Ti2O7 

crystallites completely dissolved in the glass matrix containing a low (20 wt %) loading of 

Gd2Ti2O7 while some crystallites remained when a higher (40 wt%) loading of Gd2Ti2O7 was 

present. Examination of EDX spectra (Figure S1a in supporting information) collected from 

different locations in the BG-Gd2Ti2O7-1100 oC sample containing a 40 wt% loading of 

Gd2Ti2O7 shows that the regions in the micrographs (see Figure 4e) that appear glass-like contain 

high concentrations of Gd and Ti. The BSE images and EDX spectra (Figure 4e and S1a) 

confirms that Gd2Ti2O7 crystallites dissolved in the glass matrix after annealing the mixture at 

1100 oC. However, only a small fraction of the Gd2Ti2O7 crystallites dissolved in the glass 

matrix of the composite materials annealed at 750 oC (see Figures 4a-c and S1). These 

observations are in agreement with the powder XRD analysis presented above. BSE images were 

also collected from the ion implanted composite materials and are compared to those from the 

as-synthesized materials in Figure S2. The morphology and grain size of  the Gd2Ti2O7 

crystallites in the glass matrix were observed to be similar when comparing the as-synthesized 

and ion implanted materials.  

3.3. XANES analysis of the as-synthesized materials 

 XANES spectra are sensitive to changes in the electronic structure and coordination 

environment of atoms/ions in materials.34,35 Examination of Ti K-, Fe K-, Si L2,3-, and Al 

L2,3-edge XANES spectra from the glass-ceramic composites has allowed for a study of how the 

annealing temperature, glass composition, and the loading of Gd2Ti2O7 affected the local 

environment of atoms of these elements. 
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3.3.1. Ti K-edge XANES 

 The Ti K-edge XANES spectra from the as-synthesized BG-Gd2Ti2O7 and 

FABG-Gd2Ti2O7 composite materials (20 wt%, 50 wt%, and 80 wt% loading of Gd2Ti2O7) 

annealed at either 1100 oC or 750 oC are shown in Figures 5 and 6, respectively. The spectrum 

from Gd2Ti2O7, which was reported previously, is also presented in these figures.41 Examination 

of the Ti K-edge spectra has allowed for a study of how changes in the loading of Gd2Ti2O7 in 

the composite materials and the annealing temperature has affected the local coordination 

environment of Ti. The spectra result from 1sà3d (quadrapolar; pre-edge (A)) and 1sà4p 

(dipolar; main-edge (B,C)) transitions.52-55 The pre-edge region (features A1, A2, and A3) shows 

peaks that result from 1sà3d t2g (A1), 1sà3d eg
* (A2), and intersite-hybrid (A3) excitations when 

Ti is in a 6-coordinate environment (i.e., in Gd2Ti2O7).54-56  

All of the pre-edge and main-edge features (A,B,C) in the spectra were found to change 

significantly by varying the loading of Gd2Ti2O7 in the composite materials or the annealing 

temperature. The intensity of the pre-edge feature (A) decreased while the energy (B) and 

intensity (C) of the main-edge feature increased as the loading of Gd2Ti2O7 increased in the 

composite materials (Figures 5 and 6). These changes in the Ti K-edge XANES spectra have 

been shown in the past to be a result of an increase in the CN of Ti4+.38,39,56-59 The observed 

increase in Ti CN suggests that the amount of Gd2Ti2O7 dissolved in the glass matrix decreases 

as the loading of Gd2Ti2O7 in the composite materials, which is in agreement with the powder 

XRD and electron microscopy results. The spectra from the composite materials having a low 

wt% of Gd2Ti2O7 show that Ti occupies a low coordinationate environment when Gd2Ti2O7 

dissolved in the glass; Ti was found to adopt a similar coordination environment in amorphous 

metal silicates previously investigated by this research group.56,38  
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Examination of the spectra from the borosilicate and Fe-Al-borosilicate glass composite 

materials containing the same Gd2Ti2O7 loading and annealed at 1100 oC (Figure 7a) shows that 

less Gd2Ti2O7 dissolved in the Fe-Al-borosilicate glass as compared to the borosilicate glass. 

Only a small change was observed in the spectra from the composite materials annealed at 

750 oC when compared to the spectra from Gd2Ti2O7 (Figure 7b). These observations indicate 

that the FABG glass composition and lower annealing temperature favours the formation of 

composite materials with a small amount of the pyrochlore crystallites having dissolved in the 

glass, which is in agreement with the XRD and electron microscopy results. 

3.3.2. Si L2,3-edge XANES  

 Si L2,3-edge XANES spectra were also collected to study how the Si environment was 

affected by varying the loading of Gd2Ti2O7, annealing temperature, and the type of glass used. 

Normalized Si L2,3-edge XANES spectra from the borosilicate glasses annealed at 1100 oC or 

750 oC are shown in Figure 8. The spectra are compared to a previously reported spectrum of 

amourphous SiO2.56 The Si L2,3-edge spectra exhibit two features that result from 2pà3s 

(Feature D) and 2pà3d (Feature E) transitions, respectively.56 The low-energy region feature 

(D) is split into two peaks (D1 and D2), which result from 2p3/2à3s (D1) and 2p1/2à3s (D2) 

because of spin-orbit splitting.60-63  

 Comparision of the spectra from the borosilicate glasses annealed at 750 oC or 1100 oC to 

the spectrum from amorphous SiO2 (Figure 8) reveals a significant difference in the line shapes. 

Feature D and E become narrower to higher energy in the spectra from the borosilicate glass 

annealed at 750 oC or 1100 oC as compared to the spectrum from amorphous SiO2. Previous 

studies of various metal containing amorphous silicates and quartzes have shown that these 
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features become narrower to higher energy as the materials change from amorphous silicates to 

quartzes.64,66 These changes are attributed to an increase in the degeneracy of the Si-O states 

because of a more ordered SiO4
4- tetrahedral bond network in the quarz lattice.63-66 This is also 

supported by the presence of quartz in the XRD pattern from the borosilicate glass annealed at 

750 oC (see Figure 3a). The width of the features in the spectra from the composite materials 

were observed to decrease (Figure 9 and 10) with increasing loading of Gd2Ti2O7. The observed 

changes in the spectra are attributed to changes in the ordering of the glass, including 

crystallization of quartz, and because of variations in the glass composition as a result of the 

pyrochlore crystallites dissolving in the glass which may lead to next-nearest-neighbour effects 

between the metal cations and Si.63-66 These observations suggest that both the loading of 

Gd2Ti2O7 in the composite and the annealing temperature affect the silicate network in the 

glass-ceramic composite materials.  

3.3.3. Fe K-edge XANES  

Fe K-edge XANES spectra (Figure 11) were collected to study the redox chemistry of Fe 

in the Fe-Al-glass (FABG) and Fe-Al-glass-ceramic composites (FABG-Gd2Ti2O7) when 

annealed at different temperatures. The spectrum from the FABG sample is compared to the 

previously reported spectra from FeO (Fe2+) and Fe2O3 (Fe3+) in Figure 11a.67,68 The spectra 

contain both pre-edge (1s→3d) and main-edge (1s→4p) excitations like in the Ti K-edge 

XANES spectra.39,60,69 Comparison of the absorption edge energy (Figure 11a) of the spectra 

from FABG, FeO, and Fe2O3 shows that both Fe3+ and Fe2+ exist in the glass.  

The spectra from the composite materials (20 wt%, 50 wt%, and 80 wt% loading of 

Gd2Ti2O7) annealed at 1100 oC and 750 oC are shown in Figures 11b and 11c, and are compared 
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to the spectrum from FABG. The intensity and energy of features A, B, or C do not change 

considerably in the spectra (Figure 11b and 11c) when the loading of Gd2Ti2O7 was varied. 

However, the intensity and absorption energy of features A and B do change when comparing 

the spectra from FABG-Gd2Ti2O7-1100 oC/750 oC to the spectrum from FABG. A shift of the 

absorption edge to lower energy was observed in the composite materials annealed at 1100 oC 

(Figure 11b) whereas the absorption edge shifted to higher energy when the composite materials 

were annealed at 750 oC (Figure 11c). The energy of the pre-edge peak (A) in Fe K-edge 

XANES spectra has been observed previously to not be affected significantly by changes in the 

Fe CN.59,60,68,69 Therefore, the observed shifts in energy of both the pre-edge (A) and main-edge 

(B) features in the Fe K-edge XANES spectra in Figure 11 from the composite materials 

annealed at 750 oC or 1100 oC are a result of variations in the oxidation state of Fe. Comparision 

of the spectra from FABG-Gd2Ti2O7-750 oC and FABG shows that the oxidation state of Fe in 

the glass matrix is completely oxidized to 3+ when the composite system was annealed at 750 oC 

(cf. Figures 11a and 11c). Further, examination of the spectra from FABG-Gd2Ti2O7-1100 oC 

and FABG shows that the oxidation state of Fe in the glass was reduced to 2+ when the 

composite materials were annealed at 1100 oC (cf . Figures 11a and 11b). As stated earlier, the 

intensity of the pre-edge feature (A) in transition metal K-edge XANES spectra can change as a 

result of a variation of the CN of the metal.39,68,69  The intensity of the pre-edge feature decreased 

in the spectra from FABG-Gd2Ti2O7-750 oC compared to the spectrum from the as-synthesized 

FABG sample (Figure 11c) while the pre-edge peak intensity in the spectrum from 

FABG-Gd2Ti2O7-1100 oC was observed to be more intense compared to the spectrum from as-

synthesized FABG (Figure 11b). The changes observed here suggest that the CN of Fe decreases 
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when the composite materials were annealed at 750 oC and that the CN of Fe increases when the 

composite materials were annealed at 1100 oC.  

The observed changes in Fe oxidation state by varying the annealing temperature are a 

result of a redox reaction between oxygen and Fe. The Fe K-edge XANES spectra show that Fe 

in the composite materials was reduced to Fe2+ when annealed at 1100 oC and  oxidized to Fe3+ 

when the composites were annealed at 750 oC, which can be described by the following 

equilibrium reaction: 4Fe3++2O2- 
< 𝑇
⇌
> 𝑇

  4Fe2++O2.70-73 The reduction of  Fe3+ to Fe2+ at 1100 oC 

may also be caused by Gd2Ti2O7 crystallites dissolving in the glass matrix when the composite 

materials were annealed at this temperature. These observations indicate that the oxidation state 

and CN of Fe in the composite materials are strongly affected by the annealing temperature. 

3.3.4. Al L2,3-edge XANES 

Al L2,3-edge XANES spectra were collected from the FABG-composite materials 

annealed at different temperatures (see Figure S3 in supporting information). The spectra consist 

of two features D and E, which result from 2pà3s and 2pà3d transitions, respectively.74 

Al L2,3-edge XANES spectra have been shown previously to be sensitive to changes in the Al 

CN.74 Examination of the spectra from the FABG-Gd2Ti2O7	   composite materials (Figure S2) 

show negligible changes in the spectral features with changes in loading or annealing 

temperature. These observations indicate that the Gd2Ti2O7 loading and annealing temperature do 

not significantly affect the coordination environment of Al in the composite materials.  

3.4. Ti K-edge GA-XANES of the ion-implanted materials 
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Glancing angle XANES (i.e., GA-XANES) spectra were collected from ion implanted 

composite samples to study how the local environment of Ti in the materials change as a result 

of ion-beam implantation. As was reported previously, 2 MeV Au- ions penetrate to a maximum 

depth of ~450 nm in Gd2Ti2O7.
40,41 Ti K-edge GA-XANES spectra were collected using glancing 

angles of 1.4o, 4.5o, and 45o, which provide X-ray attenuation depths of 220 nm, 450 nm, and 

4088 nm, respectively. 

Normalized Ti K-edge GA-XANES spectra from BG-Gd2Ti2O7-1100 oC (60 wt% loading 

of Gd2Ti2O7) and BG-Gd2Ti2O7-750 oC (20 wt%, 40 wt%, and 60 wt% loading of Gd2Ti2O7)	  

implanted using Au- ions to a dose of 5×1014 ions/cm2 are shown in Figure 12. The spectra from 

the as-synthesized composite materials are also presented. Compared to the spectrum from 

as-synthesized materials, the intensity of the pre-edge peak (A) increased while the intensity and 

energy of the main-edge peak (B,C) decreased as a result of ion implantation.21,40,41 These 

changes are indicative of a decrease in Ti CN because of ion  implantation. The observed 

decrease in Ti CN indicates that ion implantation damages the structure of Gd2Ti2O7 in the 

composite materials.40,41 GA-XANES spectra collected at different glancing angles from the ion 

implanted composite materials annealed at 750 oC or 1100 oC (Figure 12) shows that more 

damage occurs near the surface compared to deeper into the material. A comparision of the 

spectra collected at a glancing angles providing the same X-ray attenuation depth from 

ion-implanted BG-Gd2Ti2O7-750 oC and Gd2Ti2O7 (Figure 13) shows that the damage 

experienced by Gd2Ti2O7  in the composite materials was similar to that experienced by the 

sample that only contained Gd2Ti2O7.  
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4. Conclusions  

A greater understanding of glass-ceramic composites has been achieved by the 

examination of pyrochlore-containing glass-composite materials by XRD, electron microscopy, 

and XANES. Glass-ceramic composite materials were synthesized at 1100 oC and 750 oC; 

however, Gd2Ti2O7 was observed to dissolve significantly in the glass matrix when annealed at 

1100 oC. Examination of Ti K-edge XANES spectra from the composite materials show that the 

use of a Fe-Al-borosilicate glass and a lower annealing temperature favours the formation of a 

composite material being formed with only a small fraction of the Gd2Ti2O7 crystallites 

dissolving in the glass matrix. The Si L2,3-edge XANES spectra showed that the ordering of the 

silicate network changes depending on the glass composition, loading of Gd2Ti2O7, and 

annealing temperature used to form the composite materials. Further, examination of Fe K-edge 

XANES spectra from the Fe-Al-borosilicate composites showed that the oxidation state of Fe 

changed depending on the annealing temperature used to form these composite materials. 

Examination of Ti K-edge GA-XANES spectra from the ion implanted composite materials has 

shown that the damage experienced by Gd2Ti2O7 in the composite materials vs the pure ceramic 

(i.e., Gd2Ti2O7) is similar. The study of these composite materials will be useful  for the further 

development of glass-ceramic composites as potential nuclear wasteforms.  
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Tables 
Table 1: Compositions of the different glasses synthesized. 

  Glass SiO2 

(mol %) 

B2O3 

(mol %) 

Na2O 

(mol %) 

CaO 

(mol %) 

Fe2O3 

(mol %) 

Al2O3 

(mol %) 

Borosilicate (BG) 63.5 16.9 16.5 3.1 - - 

Fe-Al-borosilicate 
(FABG) 

55.5 16.9 16.5 3.1 3.0 5.0 

Fe-borosilicate 

(FBG) 

60.5 16.9 16.5 3.1 3.0 - 

Al-borosilicate 
(ABG) 

58.5 16.9 16.5 3.1 - 5.0 

 

Table 2 Labels used to name the glasses and glass-ceramic composites studied. 

Label Sample description 

BG                   Borosilicate glass 

FABG                   Fe-Al-borosilicate glass 

FBG          Fe-borosilicate glass 

ABG Al-borosilicate glass 

BG-Gd2Ti2O7-1100 oC/750 oC 
Borosilicate glass- Gd2Ti2O7 composite materials 
annealed at 1100 oC or 750 oC 

FABG-Gd2Ti2O7-1100 oC/750 oC 
Fe-Al-borosilicate glass- Gd2Ti2O7 composite 
materials annealed at 1100 oC or 750 oC 
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Table 3 Calculated glancing angles required to give specific X-ray attenuation depths in 

Gd2Ti2O7 for photons having energies of 4966 eV (Ti K-edge).  

Ti K-edge (4966 eV) 
X-ray 

attenuation  
depth  (nm) Glancing angle 

220 1.4o 

450 4.5o 

4088 45o 
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Figure Captions 

Figure 1: A portion of the pyrochlore-type structure adopted by Gd2Ti2O7 is shown. The 

structure consists of GdO8 in a distorted cubic polyhedra (dark grey) and distorted TiO6 

octahedra (light grey). The O atoms (dark grey spheres) occupy tetrahedral interstitial sites. The 

structure was generated using the VESTA program.33 

Figure 2: XRD patterns from the (a) Borosilicate glass (BG) and the BG-ceramic composite 

materials annealed at 1100oC and (b) Fe-Al-borosilicate glass (FABG) and the FABG-ceramic 

composite materials (20 wt%, 40 wt%, and 80 wt% loading of Gd2Ti2O7) annealed at 1100oC are 

shown. The patterns from the glass materials are also shown.  

Figure 3: XRD patterns from the (a) Borosilicate and its composite materials annealed at 750oC 

and (b) Fe-Al-borosilicate glass and its composite materials (10 wt%, 20 wt%, 40 wt%, and 80 

wt% loading of Gd2Ti2O7) annealed at 750oC are shown. Diffraction peaks from quartz are 

marked by an asterisk (*). Patterns from (c) Fe-borosilicate glass (FBG) and (d) Al-borosilicate 

glass (ABG) annealed at 750oC are also shown. 

Figure 4: (a,b,c) Backscattered images from the borosilicate glass composite materials (20 wt% , 

40 wt%, and 60 wt% loading of Gd2Ti2O7, respectively) annealed at 750oC. (d) Backscattered 

electron image from the borosilicate glass composite materials (20 wt% and 40 wt% Gd2Ti2O7, 

respectively) annealed at 1100oC. The scale bar in each image is 10 µm. 

Figure 5: Ti K-edge XANES spectra from BG-Gd2Ti2O7-1100oC and FABG-Gd2Ti2O7-1100oC 

containing 20 wt% , 50 wt%, and 80 wt% loading of Gd2Ti2O7 are shown. The spectra are 

compared to the spectrum from Gd2Ti2O7. Feature A represents the pre-edge region (1s→3d) and 

is shown in the inset. Feature B and C (1s→4p) represent the main-edge region. The arrows 
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show the changes in intensity and energy of spectral features that occur with increasing loading 

of Gd2Ti2O7.  

Figure 6: Ti K-edge XANES spectra from BG-Gd2Ti2O7-750oC and FABG-Gd2Ti2O7-750oC 

containing 20 wt% , 50 wt%, and 80 wt% loading of Gd2Ti2O7. The spectra are compared to the 

spectrum from Gd2Ti2O7. Arrows mark the changes observed in the spectra with increasing 

loading of Gd2Ti2O7.   

Figure 7: (a) Ti K-edge XANES spectra from BG- and FABG- composite materials (50 wt% 

Gd2Ti2O7) annealed at 1100oC are shown. (b) Ti K-edge XANES spectra from 

BG-Gd2Ti2O7-750oC, FABG-Gd2Ti2O7-1100oC and FABG-Gd2Ti2O7-750oC containing the same 

loading of Gd2Ti2O7 are shown.   

Figure 8: Si L2,3-edge XANES spectra from the borosilicate glass annealed at 1100oC or 750oC 

are shown. The spectra are compared to the spectrum of amorphous SiO2 that was reported 

previously.  

Figure 9: Si L2,3-edge XANES spectra from (a) BG-Gd2Ti2O7-1100oC and (b) 

FABG-Gd2Ti2O7-1100oC containing 20 wt% , 50 wt%, and 80 wt% loading of Gd2Ti2O7 are 

shown. The spectra are compared to the spectrum from the corresponding glass. Features C and 

D become narrower to higher energy with increasing loading of Gd2Ti2O7.  

Figure 10: Si L2,3-edge XANES spectra from (a) BG-Gd2Ti2O7-750oC and (b) 

FABG-Gd2Ti2O7-750oC containing 80 wt% , 50 wt%, and 20 wt% loading of Gd2Ti2O7 are 

shown. The spectra are compared to the spectrum from the corresponding glass. 
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Figure 11:  (a). The Fe K-edge XANES spectrum from FABG is compared to the spectra from 

FeO (Fe2+) and Fe2O3 (Fe3+). (b,c) Fe K-edge XANES spectra from FABG-Gd2Ti2O7-1100oC and 

FABG-Gd2Ti2O7-750oC containing 20 wt% , 50 wt%, and 80 wt% loading of Gd2Ti2O7 are 

shown. These spectra are compared to the spectrum from FABG. Shifts in the absorption energy 

of the composite materials annealed at different temperatures as compared to the spectrum from 

FABG are indicated using arrows.   

Figure 12: Ti K-edge GA-XANES spectra from (a) BG-Gd2Ti2O7-1100 oC (60 wt% loading of 

Gd2Ti2O7) and (b,c,d) BG-Gd2Ti2O7-750 oC (20 wt%, 40 wt%, and 60 wt% loadings of 

Gd2Ti2O7)	   implanted using Au- ions to a dose of 5×1014 ions/cm2 are shown. These spectra are 

compared to the spectrum from the as-synthesized composite materials. The angles listed, 1.4o, 

4.5o and 45o, are the glancing angles used to attain X-ray penetration depths of 220, 450, and 

4088 nm, respectively. The changes observed in the spectra with decreasing glancing angle are 

indicated by arrows. 

Figure 13: (a) Ti K-edge GA-XANES spectra from BG-Gd2Ti2O7-750oC (40 wt% loading of 

Gd2Ti2O7) and Gd2Ti2O7 implanted to a dose of 5×1014 ions/cm2 are shown. The glancing angle 

was adjusted for each sample to give an X-ray attenuation depth of 220 nm.  
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Figure 2 
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Figure 3 
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Figure 4 
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Figure 5 
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Figure 13  
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