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Abstract 

In order to develop glass-ceramics containing ions of variable valence in lower oxidation 

states, it is important to know how changing the redox conditions of glass melting affects structure 

and properties of glass-ceramics. The zinc aluminosilicate glass nucleated by TiO2 was melted 

with and without addition of As2O3 and heat-treated from 720 to 1350 C to obtain gahnite-based 

glass-ceramics. DSC, XRD analysis, Raman spectroscopy and TEM studies revealed that variation 

of glass melting redox conditions affects kinetics of liquid phase separation and rutile 

crystallization, composition and structure of gahnite and rutile, crystallization of the residual glass, 

and does not affect kinetics of gahnite crystallization, gahnite and rutile fractions and structure of 

glass-ceramics. In glass-ceramics prepared from glasses melted without As2O3, absorption in the 

visible and near-IR spectral ranges is due to octahedrally coordinated Ti3+ ions in gahnite 

nanocrystals. The study is important for development of rare-earth-free phosphors.  
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1. Introduction 

Cubic crystals with spinel structure, both natural and synthetic, demonstrate unique 

properties of high isomorphic capacity, hardness, chemical and thermal resistance. The structural 

formula of oxide spinel is IV[A1-δBδ]VI[B2-δAδ]O4, in which A and B are divalent, trivalent, or 

quadrivalent cations. IV[] and VI[] denote tetrahedral and octahedral positions respectively, and δ 

is an inversion parameter. Spinels have a face-centered cubic unit cell, which consists of 8 formula 

units and contains 32 oxygen anions arranged in a cubic close-packed lattice with 64 tetrahedral 
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and 32 octahedral positions per the unit cell. Spinels belong to the space group Fd-3m. When 8 

A2+ ions occupy 1/8 of all tetrahedral sites, and 16 B3+ ions occupy half of all octahedral sites, the 

spinel is called the "normal" one (δ = 0). In the "inverse" spinel (δ = 1) half of the B3+ ions are in 

tetrahedral sites; the other half of the B3+ and all A2+ ions are distributed between octahedral sites. 

The principle member of spinel family is normal magnesium aluminate spinel with the 

composition MgAl2O4.  

Zinc spinel, gahnite, with the composition of ZnAl2O4 also belongs to the family of 

aluminate spinels. Zinc spinel has attracted much attention because of its promising optical, 

electronic, catalytic, and dielectric properties and irradiation tolerance [1-3]. Gahnite is a suitable 

matrix for doping with transition metal ions, such as Cr3+, Fe2+, Fe3+, Ni2+, Co2+, Ti4+, Mn2+ [4-

13]. Gahnite can be produced by different methods in the form of single crystals [14-17], optical 

ceramics [18-24], nanoparticles [25] or as a crystalline phase in glass-ceramics (GCs) [24,26-37]. 

Zinc spinels, both natural [7] and synthetic [14,38-42], demonstrate some degree of inversion, 

which depends on the synthesis method [41], shows temperature dependence [39-42] and 

influences the properties of gahnite [40,41]. 

Each method of gahnite synthesis has its own advantages and disadvantages. Production 

of ZnAl2O4 single crystals from the melt is time consuming and difficult because of high vapor 

pressure of zinc oxide [14,16,17]. Several research groups are involved in development of 

transparent gahnite-based ceramics, both undoped [17-22] and doped [23,24]. Although a 

significant progress has been made in this field, transparent gahnite-based ceramics doped with 

transition metal ions are still porous and have low laser damage threshold, which prevents their 

use as saturable absorbers [23,24]. Gahnite nanocomposites suffer from agglomeration and 

aggregation of nanoparticles that significantly deteriorate their properties. 

Transparent GCs based on nanosized gahnite crystals [24,26-37], in comparison with 

nanoparticles, single crystals and transparent ceramics, have advantages of the optical glass 

manufacturing technology, which provides the possibility of scalable production of highly 

homogeneous materials with nanocrystals of a variety of compositions, physical and chemical 

properties, structures and sizes. GCs are produced by controlled crystallization of glasses of 

specially developed compositions, as a rule, containing a nucleating agent. The phase composition 

of the GC, the growth rate and the size of crystals are determined by the composition and heat-

treatment schedule of the initial glass. The glass formation region, the field of gahnite 

crystallization and phase transformations in the ZnO-Al2O3-SiO2 system have been studied in Refs 

[28,43-47].  

Addition of a nucleating agent is necessary for the development of highly transparent 

gahnite-based GCs with reproducible phase composition and properties and with minimum 



4 
 

absorption. Among other nucleating agents, TiO2 is the most frequently used for bulk 

crystallization of gahnite [29-34,36]. It is well known that titanium ions exist in two oxidation 

states, Ti3+ and Ti4+. The ratio of concentrations of Ti3+ and Ti4+ ions in the glass melt is influenced 

by the redox conditions of glass melting. It is known that glass melting at high temperatures in the 

absence of oxidizing agents promotes appearance of Ti3+ ions [48]. It results in grey coloration of 

transparent gahnite-based GCs [29,34]. Transparent GCs without grey coloration were obtained 

due to addition of arsenic oxide to keep a high ratio of Ti4+ to Ti3+ in the glass and glass-ceramic, 

thereby minimizing any color [30]. As a rule, initial glasses for the development of transparent 

gahnite-based GCs for optical applications are melted with the addition of As2O3 to achieve weakly 

oxidizing conditions. Recently, attempts were made to substitute the arsenic oxide with less toxic 

refining agents. A.R. Molla et al. [34] demonstrated the effect of CeO2 as an oxidizing agent 

eliminating the dark brown coloration (caused by the Ti3+ ions) of transparent glasses of the ZnO-

Al2O3-SiO2-TiO2 system and GCs prepared from these glasses, but A.R. Molla et al. [34] did not 

compare properties of GCs obtained from glasses melted in oxidizing and reducing (redox) 

conditions. We are not aware of any study devoted to the influence of redox conditions and, 

consequently, of titanium oxidation state on the phase composition, structure and optical properties 

of GCs containing nanosized gahnite crystals. 

We have found the works [49,50], in which the phase decomposition and crystallization of 

titanium-containing glasses obtained under different redox conditions were compared, but these 

glasses were of the magnesium aluminosilicate and fresnoite systems. W. Vogel [49] presented 

the crystallization sequence of two glasses from two different crystallization fields. The first glass 

from the cordierite field contained 5 mol% TiO2. The second glass from the mullite field contained 

8.3 mol% TiO2. Both glasses were melted under normal and reducing conditions. Though the final 

crystalline phases in GCs of the same composition were either cordierite, or mullite, regardless the 

redox conditions of the glass melting, the intermediate phases and crystallization temperatures 

were partly different, the difference being more significant for the glass of the first composition. 

Holand et al. [50] demonstrated that the difference in compositions of intermediate crystalline 

phases resulted in different mechanical properties of obtained GCs.  

The role of Ti3+ ions in the nucleation and growth of fresnoite crystals from the melts of 

the BaO – TiO2 - SiO2 system was studied in [48,51,52]. 

The aim of the present study is to investigate the effect of redox conditions on the phase 

composition, structure and optical properties of gahnite-based GCs nucleated by titania. It is 

important for understanding and interpreting the processes that occur when ions of elements with 

variable valence are introduced into titanium-containing zinc aluminosilicate glasses subjected to 

secondary heat-treatments. It will help one to develop GCs doped with such ions in desired, 
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especially in the lower oxidation states. For instance, GCs containing nanosized Fe2+:ZnAl2O4 

crystals can be promising for saturable absorbers of lasers operating in the spectral range of 2 μm 

[50]. To make GCs containing Fe2+ ions, reducing conditions of initial glass melting are required. 

It is important to know whether the reducing conditions of glass melting modify the structure and 

phase composition of GCs and deteriorate their transparency, or not.  

Searching for rare-earth-free phosphors is an urgent task because of the large increase in 

prices of rare-earth oxides [53]. Ti3+ ions in crystals and glasses are known for their broadband 

emission in the visible and near-IR spectral range [54,55], which could be used for tunable laser 

applications. There is no literature data on studies of Ti3+-doped ZnAl2O4 by now. Development 

of transparent GCs containing Ti3+ ions in gahnite nanocrystals could help to elaborate such 

materials. This study is important for the development of rare-earth-free Ti3+-doped phosphors 

with the broadband emission. 

 

2. Experimental 

2.1. Synthesis of glass-ceramics  

The model glass with the composition 25 ZnO, 25 Al2O3, 50 SiO2 (mol%) nucleated by 9 

mol% TiO2 introduced above total 100% [32,56] was melted with and without addition of 0.5 wt% 

As2O3. The reagent grade oxides ZnO, Al2O3, SiO2, TiO2, and As2O3 were used as raw materials. 

We did not add any other component to the glass. The glasses were named ZASox and ZAS, where 

ZASox stands for the glass melted in oxidizing conditions, with the addition As2O3, and ZAS stands 

for that melted under normal conditions, without addition of As2O3. The addition of As2O3 can 

result in following reactions in the process of glass melting [49,57] 

As2O3 + O2 As2O5 (1000 C); 

As2O5 As2O3 + O2 (1200 – 1700 C) 

The residual oxygen formed during glass melting can oxidize Ti3+ to Ti4+ [34].  

In spite of the fact that the second reaction is reversible upon cooling of the homogeneous 

glass melts, we believe several reasons can be responsible for preventing the expected reduction 

of Ti4+ ions in the presence of As2O3 upon cooling the ZAS glass melts. On the one hand, the glass 

is melted at temperature of 1580 C and quickly quenched from this temperature, which, given the 

high viscosity of the melt, allows its high-temperature structure to be frozen. On the other hand, 

the resulting glass reveals a nanoinhomogeneous structure and contains liquid phase-separated 

regions enriched in titanium ions [32], which indicates that the redox equilibria in this case differ 

from those observed during cooling of homogeneous melts. 

Batches to obtain 400 g of glass were melted in crucibles made of quartz ceramics in a 

laboratory electric furnace at 1580 °C for 4 h with stirring by stirrers made of the same material. 
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The glass melts kept at the temperature of 1580 °C were poured onto a cold metal plate and 

annealed at 680 °C. Then they were subjected to two-stage heat-treatments with the first hold at 

720 °C [54] and the second one at temperatures from 750 to 1350 °C with a holding time of 6 

hours (h) at each stage.  

Figure 1 demonstrates the images of the initial glasses and GCs. The ZAS glass is slightly 

grey colored while the ZASox glass has a very pale straw yellow coloration. Glasses heat-treated 

at 720 °C for 6 h and by two-stage heat-treatments with the second hold at temperatures from 750 

to 1050 °C are transparent. Their grey and pale straw yellow coloration increased with increasing 

the heat-treatment temperature. The GCs prepared with the second hold at 1100 °C are translucent, 

near opaque, while the CGs prepared by the second hold in the range from 1200 to 1350 °C are 

opaque, see Fig. 1. The ZAS sample has an easily removable surface layer after heat-treatment at 

1300 °C. This sample cracked after the heat-treatment at 1350 °C (not shown here). The ZASox 

sample cracked after heat-treatments at 1300 and 1350 °C. This destruction is due to the 

transformation of β-cristobalite crystals to α-cristobalite upon cooling these samples, see below. 

 

 
Fig. 1. Photographs of the polished initial glasses, glasses produced by the heat-treatment at 720 
°C and glass-ceramics produced by the two-stage heat-treatments with the first hold at 720 °C and 
the second hold from 750 to 1300 °C. Holding time at each stage is 6 h. (a) ZAS samples; (b) 
ZASox samples. The thickness of the polished samples is 1 mm. 
 

2.2. Characterization of glasses and glass-ceramics 

The sequence of phase transformations in initial glasses was determined by the differential 

scanning calorimetry (DSC) method. For the DSC study, bulk samples of the quenched initial 

glasses and annealed glasses heat-treated at the nucleation stage of 720 °C for 6 h about 20 mg in 

weight were used. A simultaneous thermal analyzer NETZSCH STA 449 F3 Jupiter with a 

dynamic flow atmosphere of Ar was employed. The temperature range was from room temperature 

to 1200 °C, and the heating rate was 10 °C·min-1.  
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X-ray diffraction (XRD) patterns of powdered samples were recorded by a Shimadzu 

XRD-6000 diffractometer with Cu Kα radiation (λ = 1.5406 Å) and a Ni filter. The parameters of 

the unit cell a of gahnite nanocrystals were determined using the diffraction peak with the Miller’s 

indices (440) at 2θ ≈ 65.5° according to the equation:  ܽ = ݀௛௞௟ ∙ ඥℎଶ + ݇ଶ +  ݈ଶ, (1) 

where dhkl is an interplanar distance in Å, and h, k and l are the Miller’s indices. 

The parameters of the unit cell of rutile nanocrystals were determined using diffraction 

peaks with the Miller’s indices (110) and (211) at 2θ ≈ 27.27° and 2θ ≈ 54.2°, respectively, 

according to the equation (1) for parameter a, and according to the equation (2) for parameter с: 1݀௛௞௟ଶ = ℎଶ + ݇ଶܽଶ + ݈ଶܿଶ (2) 

The error in the estimation of the unit cell parameters was ± 0.003 Å. 

The mean crystal sizes were estimated from broadening of the X-ray diffraction peak at 2θ 

≈ 65.5° for gahnite, and at 2θ ≈ 27.27° for rutile according to the Scherrer equation [58] (3)  ܦ௑ோ஽ = ∆ߣܭ ∙ cos  (3) ߠ

where λ is the wavelength of the Cu Kα1 X-ray radiation (1.5406 Å), θ is the diffraction angle, Δ 

is the width of the peak at half of its maximum and K is the constant assumed to be 1 [59]. The 

error for the crystal size estimation was ~ 5 – 10% depending on the value of the crystal size. The 

relative gahnite and rutile crystallinity fractions were estimated by the intensity of the gahnite peak 

with the Miller’s indices (311) at 2θ = 36.6° and the intensity of the rutile peak with the indices 

(110) at 2θ = 27.27°.  

All the spectroscopic studies were performed at room temperature. Unpolarized Raman 

spectra were measured in backscattering geometry using a confocal InVia Renishaw Raman 

microscope equipped with a ×50 Leica objective (N.A. = 0.75), TE cooled CCD camera and an 

edge filter. The excitation wavelength was 514 nm (Ar+ ion laser lines). The spectral resolution 

was 2 cm-1. Every spectrum was averaged over 10 acquisitions with duration of 50 s.  

Absorption spectra of the initial glasses, glasses heat-treated at the nucleation stage and 

transparent GCs were recorded with a Shimadzu UV 3600 spectrophotometer in the spectral range 

from 250 to 3300 nm with a resolution of 1 nm. We used plane-parallel polished on both sides 

plates 1 mm in thickness, the same as for recording the Raman spectra. Absorption coefficient α 

was calculated taking into account reflection losses.  

Transmission electron microscopy (TEM) study was carried out on a JEOL TEM-1011 

microscope with a point resolution of 0.4 nm and an accelerating voltage of 100 kV for initial 

glasses, the samples heat-treated at the nucleation stage at 720 °C for 6 h and CGs obtained by the 
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heat-treatment at the second stage at 1000 °C for 6 h. The samples were crushed and dispersed in 

ethanol. A drop of thus prepared suspension was applied to a TEM-grid. 

Densities of the initial glasses and GCs were determined by the Archimedes method with 

toluene. The experimental error in density measurements was within ±0.0005 g/cm3.  

The coefficients of thermal expansion of the glasses and GCs were measured on a Linseis 

L 75 VS 1000 dilatometer. Measurements were carried out on rods with a length of 47 to 50 mm 

and a square section of 5×5 mm. The samples were heated in the temperature chamber of the 

dilatometer to a temperature of 330 °C at a heating rate of 5 °C·min-1. The thermal expansion 

coefficients were determined for the initial glasses, for the glasses subjected to the heat-treatment 

at the nucleation stage, and GCs obtained by subsequent heat-treatments of these glasses in the 

temperature range from 950 to 1300 °C. The exact heat-treatment schedules are listed in the 

Results section. The error in determining coefficients of thermal expansion was ± 2%. 

 

Results 

3.1. Phase composition and structure of glasses and GCs 

3.1.1 Differential scanning calorimetry studies 

Figure 2 shows the DSC curves of the quenched initial ZAS and ZASox glasses and the 

curves of the same glasses heat-treated at the nucleation stage (720 °C for 6 h). The DSC curves 

of the initial glasses are similar to each other and demonstrate one narrow exothermic peak of high 

intensity.  

   
Fig. 2. DSC curves of the quenched initial glasses and glasses heat-treated at 720 °C for 6 h. Tg 
stands for the glass transition temperature, Ton stands for the onset crystallization temperature. (а) 
ZAS samples; (b) ZASox samples. The curves are shifted for the convenience of observation. 

 

The DSC curve of the initial glass melted under normal conditions allows to find the glass 

transition temperature Tg = 701 °С, the onset crystallization temperature Ton1 = 820 °С, the 

crystallization maximum temperature Tmax1 = 839 °С, and the weak exothermal peak with the Ton 
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= 950 °С, see Fig. 2(a) and Table 1. Comparison of the DSC curves of initial ZAS and ZASox 

glasses shows that their characteristic temperatures are near the same, see Table 1, if not to take 

into account an absence of the weak exothermal peak at 950 °С in the DSC curve of the ZAS glass.  

The DSC curves of samples heat-treated at 720 °C for 6 hours are also similar to each other 

but different from the curves of the initial glasses. After the preliminary heat-treatment, the 

exothermal peaks becomes broader and appear at temperature lower than those for the initial 

glasses by about 60 °С, which proves the modification of the structure of initial glasses by this 

heat-treatment while materials remain X-ray amorphous, see Fig. 3(a,b). This structure 

modification is further confirmed by Raman and optical spectroscopy data, TEM images, and 

density measurements of the samples, see below. It is interesting that the Tg temperature does not 

change with this heat-treatment, see Fig. 2(a,b) and Table 1. It means that the structure 

modification at the nucleation stage occurs in phase separated amorphous regions and does not 

change significantly the structure of the residual silicate glass network, see below. 

 
Table 1. Characteristic temperatures derived from the DSC curves of the initial ZAS and ZASox 
glasses and glasses heat-treated at 720 °C for 6 h. 

Heat-treatment 
schedule 

ZAS ZASox 

Tg, °С Ton, °С Tmax, °С Tg, °С Ton, °С Tmax, °С 
Initial glass 701 820 839 704 822 844 
720 °C, 6 h 698 764 806 699 764 800 

 

3.1.2. Study of the phase composition of the initial glasses and glass-ceramics by the X-

ray diffraction analysis 

Figure 3 shows the evolution of diffraction patterns of ZAS and ZASox glasses as a function 

of the heat-treatment temperature. Initial glasses and glasses heat-treated at the nucleation stage at 

720 °С for 6 h are X-ray amorphous. The amorphous halo maximum is located at 2  ~26.2°, see 

Fig. 3(a,b). The samples of ZAS and ZASox GCs prepared by the two-stage heat-treatments with 

the temperature of the second stage from 750 to 950 °C contain gahnite, PDF card #74-1136, as 

the sole crystal phase. Rutile (TiO2), PDF card #75-1748, crystallizes additionally at the 

temperature of the second stage of 1000 °С and above. After heat-treatments in the temperature 

range from 750 to 1200 °C, the composition of the residual glass gradually approaches that of 

silica glass by the shape and location, as the position of the maximum of amorphous halo shifts 

from 2θ = 26.2° to 21.6°, see Fig. 3(a,b). The amorphous halo disappears only with crystallization 

of cristobalite at high heat-treatment temperatures, Fig. 3(c,d).  

In GCs of the ZASox composition prepared by the two-stage heat-treatment with the second 

stage at 1300 °С, the third crystalline phase is found, e.i., SiO2, α-cristobalite, with space group 

P41212. Figure 3(d) clearly demonstrates the XRD pattern with not only the strongest peak of α-
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cristobalite at 2θ = 21,6°, but with a number of peaks with lower intensities. All the main 

diffraction lines of α-cristobalite with the Miller’s indices of (101), (111), (112), (200), (113), and 

(212) are seen in the pattern. Position of lines with indices of (111) and (113) allowed us to reliably 

calculate the unit cell parameters of α-cristobalite, see Table 2. Larger parameters and volume of 

the unit cell of α-cristobalite as compared with literature, see Table 2, may be due to the 

incorporation of impurities [60] from the residual glass. 

  

  
Fig. 3. XRD patterns of initial glasses and glass-ceramics prepared by heat-treatments in the 
temperature range from 720 to 1300 °С. (а,с) XRD patterns of samples prepared from glasses 
melted in normal conditions; (b,d) XRD patterns of samples prepared from glasses melted in 
oxidizing conditions; (с,d) XRD patterns from the surface and the volume of GC prepared by the 
heat-treatment at 1300 °С. The first stage is at 720 °C. Labels 750–1300 °C indicate the heat-
treatment temperature at the second stage. Holding time at each stage is 6 h. Dashed lines in (a,b) 
indicate position of the maximum of amorphous hallo. The patterns are shifted for the convenience 
of observation. 

 

Figure 3(c,d) presents XRD patterns of powders made from the surface layer and the 

volume of GCs prepared by the heat-treatment at the second stage at 1300 °С. Comparison of XRD 

patterns recorded from the volume and the surface of the ZAS GC shows that crystallization of α-
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cristobalite starts from the surface of this sample, see Fig. 3(c). Comparison of powder XRD 

patterns of the ZASox GC prepared from the surface and the volume of the sample, demonstrates 

that the crystallinity fraction of α-cristobalite is higher on the surface than in the volume of this 

sample. It can be assumed that appearance of α-cristobalite in the bulk of the ZASox sample is due 

to a more intense surface crystallization of this phase, so that during the heat-treatment time of 6 

h, cristobalite crystals grow from the surface into the bulk of this GC. To prove this assumption, 

the samples were heat-treated at the second stage at 1350 °C. The resulting samples are visually 

homogeneous, in contrast to the samples obtained by the heat-treatment at 1300 ° C, in which a 

crust is visible due to the surface crystallization of cristobalite. 

Figure 4 confirms that α-cristobalite, which crystallizes from the surface, can be found even 

in the volume of GCs of the ZAS and the ZASox compositions prepared by the heat-treatment at 

the second stage at 1350 °С. Thus, we confirm the surface crystallization of α-cristobalite from 

the residual glass in both GCs. This finding is in line with the results presented by G.H. Beall and 

D.A. Duke [26] for gahnite-based GCs containing ZrO2 as a nucleating agent. They stated that 

cristobalite might form through devitrification of the residual siliceous glass, if the GCs are held 

at temperatures above 1000 °C for several hours. It is nucleated at the air-GC interface and not 

inside the GC [26].  

 

Table 2. The parameters a, c, and volume of α-cristobalite unit cell in glass-ceramics and in the 
standard XRD cards. 

Material 
designation 

ZAS ZAS ZAS ZASox ZASox ZASox PDF card 
#76-0939 

PDF card 
#76-0941 

PDF card 
#82-0512 

Heat-
treatment 

1300 °C 
surf. 

1300 °C 
vol. 

1350 °C 
vol. 

1300 °C 
surf. 

1300 °C 
vol. 

1350 °C 
vol. 

- - - 

d(101), Å  4.101 - 4.097 4.099 4.103 4.093 4.066 4.073 4.081 
a, ± 0.003, Å 5.039 - 5.037 5.033 5.035 5.039 4.993 4.998 4.997 
c, ± 0.003, Å 7.003 - 6.994 7.003 7.033 6.982 7.005 7.024 7.070 
V, ± 0.1, Å3 177.8 - 177.4 177.4 178.3 177.3 174.7 175.5 176.5 

 



12 
 

 
Fig. 4. XRD patterns of glass-ceramics prepared by the heat-treatment at 1350 °С for 6 h. The first 
stage is 720 °C for 6 h. The patterns are shifted for the convenience of observation. 

 

It is known that cristobalite is stable at high temperatures and low pressures in its cubic β 

form, and undergoes a spontaneous displacive phase transition to tetragonal α-cristobalite upon 

cooling [61]. As a result of the β- to α- transition, β-cristobalite is not expected in nature under 

ambient conditions. The β- to α-cristobalite transition is accompanied by a ∼5% reduction in 

volume, which causes the crystals to crack on cooling [60]. We did not perform the in situ high-

temperature XRD study of GCs prepared at 1300 – 1350 C upon their cooling and were not able 

to detect the β- to α-cristobalite phase transition. We believe α-cristobalite is formed in our GCs 

from β-cristobalite upon cooling, which is indirectly confirmed by cracks formation in GCs. 

Figure 5 shows variation of intensity of the gahnite peak with the Miller’s indices (311) 

and of the average size of gahnite crystals with the heat-treatment temperature for glasses melted 

in different conditions. The redox conditions of glass melting do not influence these parameters. 

In the heat-treatment temperature range from 750 to 1050 °C, intensity of the gahnite peak, which 

is the measure of the gahnite crystallinity fraction, increased approximately linearly. As the 

temperature increases from 1100 to 1350 °C, the rate of increase in the gahnite crystallinity fraction 

rapidly grows.  

Heat-treatment clearly increases the size of the nanocrystals as demonstrated by the 

decrease in peaks broadening, see Fig. 3(a,b). Figure 5(b) and Table 2 reveal that the gahnite 

crystal size increases near twice, from 6 to 11 nm as the heat-treatment temperature at the second 

stage rises from 750 to 1000 °C. The obtained GCs are transparent, see Fig. 1. The crystal size 

rapidly increases more than 5 times, from 15 to 50 nm, when the heat-treatment temperature at the 
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second stage increases from 1050 to 1350 °C. Figure 1 shows that the GCs become translucent 

and then, opaque.  

  
Fig. 5. Intensity of the gahnite peak with Miller’s indices (311) and average gahnite crystal size as 
functions of the heat-treatment temperature of the initial glass. The heat-treatment at the nucleation 
stage is 720 °С for 6 h. The holding time at the second stage is 6 h. 

 

The values of the parameter a of the gahnite unit cell in GCs of the ZAS and ZASox 

compositions prepared at different heat-treatment temperatures are presented in Fig. 6 and in Table 

3. According to the literature data (PDF card #74-1136), the gahnite unit cell parameter is 8.086 

Å. At the beginning of the gahnite crystallization at 750 °С its structure corresponds to a normal 

spinel with a low degree of inversion [15]. An increase of the heat-treatment temperature up to 

850 °С leads to appreciable increase of the unit cell parameter a, which takes the value of 8.109 Å 

for the ZAS GC and of 8.111 Å for that of the ZASox. At further increase in the heat-treatment 

temperature, even greater values of parameter a of up to 8.113 Å are observed. They do not change 

significantly up to the heat-treatment temperature of 1350 °С. The values of the unit cell parameter 

a and their dependence on the heat-treatment temperature are similar for the ZAS and ZASox GCs.  
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Fig. 6. The gahnite unit cell parameter a as a function of heat-treatment temperature of initial 
glasses. The heat-treatment at the nucleation stage is 720 °C for 6 h. The holding time at the second 
stage is 6 h. 

 
Table 3. The unit cell parameters of gahnite and rutile nanocrystals, and their average sizes  
 

Heat-
treatment 
schedule 

ZAS ZASox 

ZnAl2O4 TiO2 (rutile) ZnAl2O4 TiO2 (rutile) 

°C/ 6 h а, ± 
0.003, Å D, nm а,  ± 

0.003, Å 
с, ± 

0.003, Å D, nm а, ± 
0.003, Å D, nm а ± 

0.003, Å 
с  ± 

0.003, Å D, nm 

initial 
glass  - - - - - - - - - - 

720 - - - - - - - - - - 
720+750  8.089 6 - - - 8.085 5 - - - 
720+800  8.101 7 - - - 8.105 6 - - - 
720+850  8.109 8 - - - 8.111 7 - - - 
720+900  8.110 8 - - - 8.109 8 - - - 
720+950  8.112 9 - - - 8.108 9 - - - 

720+1000  8.107 11 - - 12 8.105 11 - - 11 
720+1050  8.104 15 4.618 2.950 15 8.105 16 4.613 2.959 14 
720+1100  8.104 21 4.621 2.949 21 8.108 23 4.611 2.961 24 
720+1200  8.108 39 4.618 2.952 37 8.110 40 4.611 2.957 38 
720+1300 8.111 45 4.619 2.949 50 8.109 47 4.612 2.955 51 
720+1350 8.106 50 4.619 2.949 55 8.105 49 4.613 2.958 51 

 

Figure 7 shows dependences of intensity of the rutile peak with the Miller’s indices (110) 

and of the average size of rutile crystals on the heat-treatment temperature in GCs with 

compositions ZAS and ZASox in the temperature range from 1000 to 1350 °C. The crystallinity 

fraction and size of rutile crystals rise with increasing the heat-treatment temperature in the range 

of 1000 – 1300 °С for GCs of both compositions (see Table 3). There is a rapid increase in the 

rutile crystallinity fraction in the ZASox GC prepared at 1200 °C, which we did not take into 

account while drawing the straight line as a guide for an eye. The average crystal size of rutile in 

GCs of both compositions increases from ~11 nm to ~50 nm with increasing the heat-treatment 
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temperature in the range from 1000 to 1350 °C. The crystal sizes of rutile are very similar in GCs 

of both compositions. 

  
Fig. 7. (a) Intensity of the rutile (TiO2) peak with Miller’s indices (110) and (b) average rutile 
crystal size as a function of heat-treatment temperature of initial glasses of the ZAS and ZASox 
compositions. The heat-treatment at the nucleation stage is 720 °С for 6 h. The holding time at the 
second stage is 6 h. The lines are guides for an eye. 

 

The rutile unite cell parameters a and c in GCs prepared by heat-treatments in the 

temperature range from 1050 to 1350 °С are shown in Fig. 8 and in Table 2. The unit cell 

parameters of rutile depend on the composition of GCs while they are independent of the heat-

treatment temperature. The average rutile unit cell parameters а and с in GCs of the ZAS 

composition are а = 4.619 ± 0.003 Å and с = 2.950 ± 0.003 Å; in GCs of the ZASox composition 

the rutile parameters а = 4.612 ± 0.003 Å and с = 2.958 ± 0.003 Å, see Table 2 and Fig. 8(a,b). It 

means that the glass melting redox conditions influence the structure of rutile crystallized during 

the high-temperature heat-treatments. The rutile parameter а in the ZAS GCs is larger than in the 

ZASox one, while the с parameter is smaller. The differences in the values of these parameters 

indicate a different degree of distortion of the (TiO6) octahedrons building the rutile structure of 

these GCs. It can be assumed that this difference is caused by the presence of Ti3+ ions in the rutile 

octahedrons in ZAS GCs. Differences of rutile unit cell parameters in ZAS and ZASox GCs are 

preserved at increasing of heat-treatment temperature. Despite these differences, the unit cell 

volume of rutile crystals in ZAS and ZASox GCs is similar. It is equal to 62.94 ± 0.01 Å3 and 62.92 

± 0.01 Å3 for the ZAS and the ZASox GCs, respectively and testifies to distortion structural changes 

that occur in rutile octahedrons without bond breaking.  
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Fig. 8. Rutile unit cell parameters (a) a and (b) с as a function of the heat-treatment temperature 
of the initial glasses of the ZAS and ZASox compositions. The heat-treatment at the nucleation 
stage is 720 °C for 6 h. The holding time at the second stage is 6 h. 
 

3.1.3. Raman spectroscopy  

Figure 9(a,b) presents Raman spectra of initial ZAS and ZASox glasses, glasses heat-treated 

at the nucleation stage at 720 °C for 6 h and GCs prepared by the two-stage heat-treatments with 

the second stage in the temperature range from 750 °C to 1200 °C. With the aim to follow the 

details of amorphous phase separation of titanium-containing phases [32] and beginning of 

crystallization, Fig. 9(c,d) presents Raman spectra of ZAS and ZASox initial glasses, glasses heat-

treated at the nucleation stage at 720 °C for 6 h and GCs prepared by the two-stage heat-treatments 

with the second stage in the temperature range from 750 °C to 1000 °C. The spectra of both initial 

glasses heat-treated at the nucleation stage at 720 °C are presented in Fig. 9(e), while the spectra 

of glasses heat-treated at 850 °C, 950 °C, and 1200 °C at the second stage are shown in Figs 9(f-

h) for comparison. 

The Raman spectrum of the initial glass of the ZAS composition contains a broad band of 

low intensity spanning from ~220 to ~520 cm-1 with a band at ~460 cm-1 and two maxima on the 

low-frequency side of this band, near ~270 and ~380 cm-1 [32,62], and two bands in the high-

frequency region at ~800 and ~930 cm-1, see Fig. 9(a,c). The bands at ~460 and ~800 cm-1 are 

assigned to vibrations of aluminosilicate tetrahedra in the glass structure while the band at ~ 930 

cm-1 is connected with the presence of [TiO4] tetrahedra entered into this aluminosilicate network 

[32 and references therein, 63]. 

Figure 9(c) shows that after the heat-treatment of the ZAS glass at 720 °C for 6 h the 

spectrum changes: the band at ~460 cm-1 shifts to ~450 cm-1, and a high-frequency band shifts 

from ~930 to ~920 cm-1. After this heat-treatment, a slight redistribution of the intensities of the 

two bands in the high-frequency region is seen as compared with intensities distribution in the 

initial glass. Intensity of the band at ~800 cm-1 slightly enhances, manifesting the development of 
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liquid phase separation of the initial glass with the formation of the zinc aluminotitanate 

amorphous phase [32].  

After the two-stage heat-treatment with the second stage at 750 °С, the band previously 

located at about 450 cm-1 shifts to 440 cm-1, which corresponds to the position of the main band in 

the silica glass [64]. Two weak bands appear at ~489 and 602 cm-1. They are the so-called defect 

bands D1 and D2 [64-66] assigned by Galeener [65] to ‘breathing’ vibration modes of four- and 

three-membered rings, respectively, in the silica glass. Thus, the data of Raman spectroscopy 

confirm that as a result of heat-treatment the composition of the residual glass becomes close to 

silica glass. These spectral features are in accordance with the shift of the amorphous hallo position 

in the XRD pattern of this GC to that of silica glass, see Fig. 3(a). The weak band at about 800 cm-

1, corresponding to vibrations of the aluminosilicate network, is superimposed over the intense 

band at ~790 cm-1, associated with vibrations of [TiO5] and [TiO6] groupings [32], while the band 

at about ~920 cm-1 near disappears. This is the result of the liquid phase separation of the glass 

with the formation of the amorphous zinc aluminotitanate phase, whose spectral feature is the 

broad band at ~790 cm-1 [32].  

According to the XRD data, Fig. 3(a), gahnite crystals appear during the heat-treatment at 

750 °С. It is known that five active modes A1g + Eg + 3F2g should be observed in the Raman spectra 

of normal spinels [67-71]. Their wavenumbers are in the following sequence, F2g(1) < Eg < F2g(2) 

< F2g(3) < A1g. [68]. According to Refs [69,70], in the Raman spectrum of gahnite, the low-

frequency F2g(1) mode (196 cm-1) is assigned to a complete translation of the ZnO4 within the 

spinel structure, while the phonon modes with higher frequencies are due to O and Al, with a major 

contribution of O than Al; the frequencies over 729 cm-1 are predominantly due to O motions. The 

disordering can cause a breakdown in the Raman selection rules; the inversion degrees cause the 

appearance of an additional peak at ~700 – 730 cm-1 attributed to A1g character and assigned to 

the Al-O stretching vibration of AlO4 groups created by redistribution of some aluminum ions 

from octahedral to tetrahedral sites [71].  

The positions of Raman modes of gahnite nanocrystals in GC of the composition similar 

to studied here were determined in Ref. [24]. They were the T2g (196 cm-1), Eg (~420 cm-1), T2g 

(659 cm-1) and A1g (~780 cm-1) modes. The broad intense asymmetric band with an inflection at 

~720 cm-1 and a maximum at ~780 cm-1 was assigned to entering the titanium ions into gahnite 

crystals in octahedral positions [72,73].  

Thus, we suggest that weak bands with frequencies of ~418 and ~657 cm-1 in the Raman 

spectrum of GC prepared by the heat-treatment with the second stage at 750 °С belong to Eg and 

T2g modes in gahnite crystals, respectively [32,56]. There is also an inflection on the left side of 

the broad high-frequency band at ~732 cm-1. In Refs [72,73] the appearance of a similar band was 
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assigned to breaking of the symmetry selection rules caused by doping gahnite crystals with Ti4+ 

ions. The ZAS GC contains both Ti4+ and Ti3+ ions. We suggest that in the ZAS GC the band at 

~732 cm-1 is also connected with titanium doping of nanocrystalline ZnAl2O4. 

In the Raman spectrum of GC prepared by the heat-treatment at the second stage at 800 

°C, one intense band ~790 cm-1 with inflection at ~732 cm-1remains in the high-frequency region 

of the spectrum. It is comparable in intensity to the band ~440 cm-1, a characteristic band of the 

highly siliceous residual glass. Two weak bands at ~418 and ~657 cm-1 and inflection at ~732 cm-

1 belong to vibrations in the ZnAl2O4 gahnite crystals, as mentioned above. A weak band at ~144 

cm-1 appears in the region of lower wavenumbers. It corresponds to the strongest band in the 

Raman spectrum of anatase [32], a modification of TiO2. Increasing the heat-treatment temperature 

to 1000 С and above leads to an appearance of new bands, i.e., a weak composite peak at 235 cm-

1, a narrow maximum at ~440 cm-1 located on the wide band of the residual glass and a band at 

~606 cm-1. They correspond to vibrations in the TiO2 rutile crystals [74,75] and confirm the 

findings of the XRD analysis, Fig. 3(a). With a further increase in the heat-treatment temperature 

up to 1200 °C, intensities of the gahnite and rutile bands increase, and the broad band at 790 cm-1 

gradually weakens. In the Raman spectrum of GC prepared at 1200 °C, on the background of an 

increased rutile band of 440 cm-1, a weaker band of gahnite at 418 cm-1 becomes poorly resolved.  

Two weak bands at ~940 and ~1108 cm-1 are seen in the high-frequency region of Raman 

spectra of GCs prepared by heat-treatments at temperatures from 800 °C to 1200 °C. They are 

associated with vibrational modes of isolated titanium centers in the highly siliceous residual glass 

phase [32]. After heat-treatments at 1100 and 1200 °C, the spectra of the samples show a band at 

about 705 cm-1, which can be caused by inversion of gahnite crystal structure [24,76]. In the 

spectrum of the sample obtained after heat-treatment at 1200 °C, a weak band with a maximum 

~800 cm-1 is observed, which is also assigned to gahnite [24]. 

The Raman spectra of the ZASox glass and GCs are similar to spectra of the ZAS samples, 

see Fig. 9(b,d). However, there is a slight difference in the position of some broad bands, which 

sometimes reaches 10 cm-1 (920 cm-1 instead of 930 cm-1 for the initial glass and 790 cm-1 instead 

of 780 cm-1 for GCs prepared at 850-950 °C). 

For a detailed comparison of the behavior of glasses obtained under different redox 

conditions, the spectra of samples heat-treated at the nucleation stage of 720 °C are shown in Fig. 

9(e). In the Raman spectrum of the glass of the ZASox composition that has undergone the 

preliminary heat-treatment at the nucleation stage of 720 °C, the high frequency band is located at 

~900 cm-1 instead of ~920 cm-1 (position in the spectrum of the ZAS sample). In the spectrum of 

the ZAS sample, the band at 800 cm-1 is lower in intensity than the band at ~920 cm-1, while in the 

spectrum of the ZASox samples intensities of these neighbor bands are near equal. Enhancement 
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of the peak at about 800 cm-1 in the spectrum of the ZASox glass after its heat-treatment at 720 C 

proves that oxidation melting conditions speed up the liquid phase separation in the initial glass.  

Figures 9(f,g) show that the spectral features of rutile crystallization appeared in the Raman 

spectrum of the ZASox subjected to the heat-treatment at 850 C while in the ZAS GC prepared by 

this heat-treatment and even by the heat-treatment at 950 C rutile features are not seen. Thus, we 

may conclude that glass melting in oxidizing conditions speeds up rutile crystallization. It should 

be noted that Raman spectroscopy is more sensitive to phase transformations of titanium-

containing phases, then the XRD analysis, see Fig. 3(b), and allows to see the spectral features of 

structural ordering in the zinc aluminotitanate amorphous regions in GCs whose XRD patterns do 

not show rutile crystallization yet.  

Intensities of the gahnite and rutile bands in the Raman spectrum of the ZASox GC prepared 

by the heat-treatment at 1200 °С are higher than in the spectrum of the ZAS one, see Fig. 9(h). 

This observation is confirmed by the XRD data, see Figs 5(a) and 7(a). Thus, we can conclude that 

according to the Raman spectroscopy data, the ZASox glass melting in oxidizing conditions speeds 

up the liquid phase separation of the initial glass and rutile crystallization. 
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Fig. 9. Raman spectra of initial glasses and glass-ceramics prepared by heat-treatments in the 
temperature range from 720 °С to 1200 °С. (а,с) Spectra of samples prepared from glasses melted 
in normal conditions; (b,d) Spectra of samples prepared from glasses melted in oxidizing 
conditions; (e) Spectra of samples obtained by the heat-treatment at 720 °C; (f) Spectra of samples 
obtained by the heat-treatment at 720 °C + 850 °С; (g) Spectra of samples obtained by the heat-
treatment at 720 °C + 950 °С. (h) Raman spectra of samples obtained by the heat-treatment at 720 
°C + 1200 °С The holding time is 6 h. The spectra are shifted for the convenience of observation. 
λexcit = 514 nm. 
 

 

3.1.4. Transmission electron microscopy 

Figure 10, which presents typical TEM images of the initial glasses, the glasses after the 

nucleation heat-treatment and the GCs prepared by the two-stage heat-treatment with the second 

hold at 1000 °С for 6 h, allows to follow the variation of the microstructure with heat-treatment. 

Figure 10(a,d) shows the phase separation in the annealed glasses. The average size of amorphous 

inhomogeneous regions is ~5 nm. According to small-angle X-ray scattering findings [32], these 

are the zinc aluminotitanate amorphous regions that predominantly precipitate upon casting, 

cooling and annealing the glasses. There is certain regularity in their distribution within the initial 

glasses, which is preserved even after further heat-treatments [32]. Figure 10(b,e) shows that the 

inhomogeneous regions develop in both glasses after the nucleation heat-treatment at 720 °С. Their 
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average sizes are ~7 nm and ~6 nm for the ZAS and ZASox samples, respectively. Note that the 

XRD patterns of these samples indicate the lack of any crystalline phase, while the findings of 

small-angle X-ray scattering [32] reveal the continued development of zinc aluminotitanate 

amorphous regions and rapid formation of zinc aluminate amorphous regions.  

Figure 3(a,b) shows that according to XRD data, crystallization of gahnite starts at 750 °C, 

and at 1000 °C the number of gahnite crystals increases significantly accompanied by the rutile 

crystallization. The TEM images of GCs obtained by the heat-treatment with the second hold at 

1000 °С reveal the multiphase nature of these GCs. They present well-faceted crystals of different 

shapes. In TEM images, gahnite crystals appear as grey, sometimes almost black particles. Most 

of these particles have an isometric shape with facets. Moreover, some particles have an octahedral 

shape. The octahedron is a typical form of spinel. Dark particles that have different shapes are 

intergrowths of two or more octahedrons. The formation of such intergrowths is characteristic of 

gahnite crystals. Cut shapes of rutile crystals are tetragonal prism and bipyramid. It is possible to 

assume that the elongated rectangular shaped particles are rutile crystals. The average crystal sizes 

of spinel and rutile crystals estimated from the TEM images appear to be similar. They are ~16 

nm for both GCs. These crystal sizes are somewhat larger than those determined from the gahnite 

and rutile XRD peaks broadening, see Table 3. According to Table 3, in the ZAS GC the gahnite 

and rutile sizes are 11 nm and 12 nm, respectively. In the ZASox GC, the gahnite and rutile crystals 

have similar sizes equal to 11 nm, see Table 3. Probably, the increased crystal size determined 

from the TEM images is connected with intergrowth of some gahnite crystals.  

 
Fig. 10. TEM images of the ZAS (a-c) and ZASox (d-f) samples; (a,d) - initial glasses, (b,e) - 
glasses subjected to the heat-treatment at 720 °С for 6 h, and (c,f) – glass-ceramic prepared by the 
two-stage heat-treatment with the second hold at 1000 °С for 6 h. Insets present the particle size 
distributions calculated from TEM data.  
 

3.1.5. Density  
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Figure 11 shows the variation of the density with heat-treatment of the initial glasses. The 

density of the ZAS glass is equal to 2.979 g/cm3. After the heat-treatment at 720 °С it slightly 

increases to 3.004 g/cm3, and after the heat-treatment at 750 °С at the second stage the density 

increases to 3.138 g/cm3. After further heat-treatments in the temperature range from 800 °C to 

1200 °C, the density changes insignificantly, being in the range from 3.119 g/cm3 to 3.144 g/cm3.  

The density of the glass and GCs of the ZASox composition is somewhat higher than the 

density of the materials of the ZAS composition, while it changes with the heat-treatment 

temperature in a similar way, varying in details. The initial glass has the density of 3.000 g/cm3. 

After the heat-treatment at the nucleation stage, the density slightly increases to 3.020 g/cm3, and 

after the heat-treatment at 750 °C at the second stage, it reaches the maximum value of 3.167 

g/cm3. After further heat-treatments in the temperature range from 800 to 1200 °C, the density 

slightly decreases reaching the value of 3.149 g/cm3. The densities of the ZAS and the ZASox GCs 

prepared at 1300 °С and 1350 °С could not be measured due to their cracking during these heat-

treatments caused by the β- to α-cristobalite phase transition.  

It should be noted that GCs, in which the gahnite crystallinity fraction is small because 

their crystallization has just begun, demonstrate the maximum density, see Fig. 3(a,b). These GCs 

are characterized by practically completed liquid phase separation and an achievement of relatively 

steady state of the structure [32]. The fraction of the zinc aluminotitanate phase in these GCs is 

large, see Fig. 9(a–d), and the residual glass phase composition is already similar to that of the 

silica glass, see Fig. 3(a,b). Thus, one may conclude that GCs with low gahnite crystallinity 

fraction but with accomplished liquid phase separation have near the highest density. Despite the 

increase in the fraction of gahnite with the theoretical density of 4.58 g/cm3 (obtained from the 

database ICSD 74-1138) and the crystallization of rutile with the density of about 4,23 – 4,25 

g/cm3 at further heat-treatments, the material density does not grow. It can be explained by the 

change in the composition of the surrounding residual glass during the crystallization of gahnite 

and then rutile. Simultaneously with crystallization of the dense gahnite phase and continuing 

formation of the dense amorphous zinc aluminotitanate phase, wherein rutile crystallizes, a lighter 

amorphous high-silicate residual glass is formed, the composition of which gradually approaches 

the composition of silica glass. Note that the density of silica glass is ~2,201 g/cm3. The 

combination of dense phases of smaller volumes with a lighter phase of large volume leads to a 

very insignificant change in the density.  
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Fig. 11. Variation of the density with heat-treatment temperature for the ZAS and ZASox samples. 
Heat-treatment at the first stage is 720 °C for the samples heat-treated at the second stage in the 
range from 750 to 1200 °C. The heat-treatment duration at each stage is 6 h. The lines are guides 
for an eye. Error bars match the size of symbols.  
 

3.1.6. Linear coefficients of thermal expansion 

Table 4 gives a summary of thermal expansion coefficients of the initial glasses and GCs 

in the temperature range from 20 ºC to 320 ºC. It can be seen that both glasses have very similar 

expansion coefficients of ~3.0 10-6 K-1. 

The glasses heat-treated at the nucleation stage of 720 °С for 6 h have thermal expansion 

coefficients slightly increased to (3.2 – 3.4) 10-6 K-1. The GCs prepared by consequent heat-

treatments in the temperature range from 950 °С to 1200 °С have thermal expansion coefficients 

of ~4.5 10-6 K-1. The increase in the expansion is due to the growth of gahnite crystals, gahnite 

having an expansion coefficient of approximately 7.0 10-6 K-1 (~7.1 10-6 K-1 according to Ref. 

[77], or ~6.8 10-6 K-1 according to Ref. [2]. L. Pinckney mentioned [29] that such a range of 

thermal expansion matches the thermal expansion of silicon, recommending similar materials as 

substrates for the active matrix in liquid crystal displays and for integrated circuit packaging. It is 

interesting that thermal expansion coefficients are near constant for GCs prepared by heat-

treatments in the temperature range from 950 °С to 1200 °С. It seems to contradict to a rapid 

increase of the gahnite crystallinity fraction with increasing the heat-treatment temperature and 

rutile crystallization, see Fig. 12. Note that rutile has an expansion coefficient of 6.99953×10−6 

K−1 along the a axis and 9.36625×10−6 K−1 along the c axis [78]. We believe, the multiphase 

compositions of these GCs and especially extremely low thermal expansion coefficient of the 

residual silica-like glass are responsible for the constancy of thermal expansion of GCs. Silica 
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glass has an expansion coefficient of 0.5 × 10-6 K-1. As it was mentioned above, according to the 

Raman spectroscopy data, highly siliceous silica-like residual glass contains titanium centers. It is 

well known that titanium-doped silica glass demonstrates extremely low, even zero expansion at 

room temperature [79,80]. As soon as α-cristobalite is detected in GCs prepared at 1300 °С, see 

Fig. 12, the thermal expansion coefficient sharply raises to ~21.0 10-6 K-1. This raise is explained 

by the high value of the thermal expansion for α-cristobalite [81]. The thermal expansion 

coefficients of ~21.0 10-6 K-1 in the α-cristobalite containing ZAS and ZASox GCs are similar to 

those obtained by A. Hunger et al. [82], 20.0 10-6 K-1, the largest reported in the literature for 

alkali-free silicate glass–ceramics.  

The thermal expansion coefficients of initial glasses and GCs prepared by heat-treatments 

in the temperature range from 720 C to 1300 C are independent of the redox conditions of glass 

melting. They depend only on the heat-treatment temperature, which determines the phase 

composition of the GCs. 

 
Table 4. The thermal expansion coefficients (CTE) in the temperature range from 20 to 320 ºC for 
the initial glasses, glasses heat-treated at 720 °C for 6 h and GCs prepared by consequent heat-
treatments at the second stage in the range from 950 to 1200 °C for 6 h. 

Heat-treatment schedule, °С for 6 h 
ZAS ZASox 

CTE20 - 330 ( 10-6 К-1 CTE ( 10-6 К-1))
Initial glass 3.00 ± 0.06 3.10± 0.06 

720 3.20 ± 0.06 3.40 ± 0.07 
720+950 4.50 ± 0.09 4.50± 0.09 
720+950+1050 4.50± 0.09 4.60± 0.09 
720+950+1050+1200 4.20± 0.08 4.60± 0.09 

720+950+1050+1200+1300 20.80 ± 0.42 21.40± 0.43 
   

  
Fig. 12. XRD patterns of initial glasses, glasses heat-treated at 720 °C for 6 h and glass-ceramics 
prepared by consequent heat-treatments at the second stage in the range from 950 °C to 1200 °C. 
The heat-treatment at the first stage is 720 °C. The time of heat-treatment at each stage is 6 h. 
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3.1.7. Absorption spectra 

Figure 13 presents absorption spectra of initial glasses, glasses heat-treated at 720 °С, and 

transparent GCs, prepared by two-stage heat-treatments with temperature from 750 °C to 1050 °С 

at the second stage. Absorption spectra of the ZAS and ZASox samples are quite different, see Fig. 

13(a,b), which was expected from their appearance, see Fig. 1. 

The data on positions and assignment of absorption bands due to Ti3+ and Ti4+ ions in 

glasses can be summarized as follows [83]. Titanium ions are found in glasses in two oxidation 

states of Ti3+ (3d1) and Ti4+ (3d0). Ti3+ ion in the ligand field demonstrates two absorption bands. 

The broad band due to the 2T2g → Eg transition of the Ti3+ ion in octahedral (Oh) site symmetry is 

located in the spectral range from 480 to 625 nm depending on the ligand field strength and 

distortions of its symmetry [84,85]. The band due to the Eg
 → 2T2g transition of Ti3+ ions in 

tetrahedral (Td) site symmetry is located at ~1000 nm [85,86]. The O-Ti3+ oxygen to metal charge 

transfer (OMCT) band is in the UV spectral range at ~240 nm [87].  

Ti4+ ions do not demonstrate d-d transitions due to empty 3d orbitals. They have the O-Ti4+ 

OMCT band, which is located in the UV spectral range at about 300 nm [88], as well as participate 

in homonuclear intervalence charge transfer (IVCT) Ti4+/Ti3+ and heteronuclear IVCT Fe2+ + Ti4+ 

→ Fe3+ + Ti3+ transitions that give rise to intense absorption bands in the visible spectral range. 

Traces of iron ions come to glass as impurities in raw materials. In different minerals, IVCT 

Ti4+/Ti3+ transition gives rise to a band at ~480 nm [88] and at about 660 - 670 nm [89].  

Figure 13(c) shows that the absorption edge, defined as the wavelength corresponding to 

an optical density equal to 1 (the absorption coefficient is 23 cm-1), is located at 335 nm in the 

spectrum of the initial ZAS glass. It appears due to OMCT O2− Ti3+ and O2− Ti4+ transitions 

[90–92]. The spectrum also shows an unstructured absorption band in the region from 335 to 1000 

nm, the tail of which extends to longer wavelengths, see Fig. 13(e). It is associated with the 

absorption of Ti3+ ions in Oh coordination (the transition T2g Eg) and intervalence charge transfer 

(IVCT) Ti3+ Ti4+ previously detected in silicate glasses [90–92]. Figure 13(g) demonstrates the 

broad unstructured absorption band in the 2700 - 3200 nm region, which appears due to the 

absorption of OH-groups in the initial glass [93,94].  

After the heat-treatment of the initial ZAS glass at the nucleation stage, its absorption 

spectrum shows a slight shift of the absorption edge from 335 to 338 nm, and an increase in the 

intensity and broadening of the absorption band located in the visible and near-infrared spectral 

region (up to 1250 nm). A weak maximum at 2957 nm appears in the absorption band of OH-

groups. The absorption edge in the spectrum of the ZAS GC obtained by the heat-treatment at 750 

°C at the second stage does not change its position relative to the absorption edge in the spectrum 
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of the glass that underwent heat-treatment at the nucleation stage. The absorption edge in spectra 

of GCs obtained by two-stage heat-treatments gradually changes its position from 342 nm to 354 

nm with increasing of the heat-treatment temperature from 800 to 950 °C. The pronounced shift 

of the absorption edge to 397 nm and then to 406 nm is observed in spectra of GCs obtained by 

heat-treatments at 1000 °C and 1050 °C at the second stage, respectively, Fig. 13(c). The 

absorption edge in ZAS GCs, as in glass, is formed by charge transfer bands O2-→Ti3+ и O2-→Ti4+ 

[10,11, 95-97]. In GCs obtained by heat-treatments at 1000 °C and 1050 °C scattering losses are 

superimposed with absorption edge.  

In the spectra of GCs, the unstructured and broadband absorption in the visible and near-

IR region intensifies with increasing the heat-treatment temperature at the second stage. This band 

is formed by short-wavelength bands with maxima at ~490 nm and ~590 nm and a longer-

wavelength band whose maximum gradually shifts from ~760 nm to ~815 nm with increasing the 

heat-treatment temperature. The absorption coefficient of the latter band increases faster than the 

absorption coefficient of the band with a maximum at ~ 490 nm. The intensity of the absorption 

band with a maximum at ~590 nm sharply increases after heat-treatments at 900 °C and 950 °C, 

see Fig. 13(e).  

It is generally accepted that titanium introduced to ZnAl2O4 is tetravalent and that titanium 

substituting Al3+ does not keep 3+ valence state [11,98]. We did not find any information about 

gahnite crystals doped with Ti3+ ions. That is why we had to refer to absorption of MgAl2O4 and 

Al2O3 crystals doped with Ti3+ ions in our interpretation of absorption spectra of ZAS GCs. Indeed, 

absorption spectra of ZAS GCs are very similar to the spectrum of Ti3+: MgAl2O4 [55]. Based on 

this comparison [95-97,99,100], we may conclude that the broad band spanning from the visible 

to near IR spectral range is caused by absorption of Ti3+ ions in Oh coordination (T2g → Eg 

transition) in gahnite crystals in positions of Al3+ and the charge transfer band Ti4+ + Fe2+ → Fe3+ 

+ Ti3+ (iron is an inevitable admixture in raw materials) [53,95,96,98,101]. With increasing the 

heat-treatment temperature, the absorption band with a maximum at a wavelength of ~760 nm is 

broadened and extends into the near-IR region. After secondary heat-treatments at 1000 and 1050 

°C, the intensity of the absorption band increases. There is also an increase in absorption in the 

whole spectral region up to the location of absorption bands of OH-groups. This raise of absorption 

correlates with the raise of gahnite crystallinity fraction with increasing the heat-treatment 

temperature, see Fig. 5(a). 

Let us discuss absorption in the spectral range from 2650 to 3200 nm, which is due to OH-

groups. After the two-stage heat-treatment with the temperature of 750 °C at the second stage, the 

shape of the absorption band drastically changes: the broad and unstructured band associated with 

the absorption of OH-groups in the glass splits into two bands. A broad band of lower intensity 
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spans from ~2670 to ~2870 nm. It has two maxima at ~2740 nm and ~2810 nm. The second band 

of much higher intensity locates in the spectral range from 2900 to 3100 nm. It has an asymmetric 

shape, which assumes an appearance of two maxima at ~2957 nm and ~3012 nm. In the spectra of 

GC samples obtained by two-stage heat-treatments with temperatures at the second stage in the 

range from 800 °C to 900 °C, an increase in the absorption intensity of both IR bands is observed. 

The higher wavelength band becomes narrower due to the disappearance of the band at ~3012 nm. 

In the spectra of these samples, the band due to the absorption of OH-groups in glass is difficult 

to notice. Intensity of the absorption band with a maximum at ~2957 nm in the spectra of GCs 

obtained by heat-treatment in the temperature range of 950 - 1050 ° C sharply decreases. The value 

of the absorption coefficient falls almost twice, from 6.8 cm-1 (900 °C) to 3.6 cm-1 (1050 °C). 

Absorption coefficient in the maximum of the band at ~ 2740 nm gradually increases from 1 cm-1 

(750 °C) to 4.57 cm-1 (1050 °C), the band narrows, and its maximum shifts from ~2740 nm to 

~2730 nm (950 °C) with increasing the heat-treatment temperature. 
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Fig. 13. Absorption spectra of the initial glass and transparent glass-ceramics in different spectral 
ranges: (a,b) the overview spectra; (c,d) a close look on the 320 450 nm range; (e,f) a close look 
on the 350 2000 nm range; (g,h) a close look on the OH- -group absorption at 2600 3200 nm. 
Labels +750 … +1050 °C indicate the heat-treatment temperature at the second stage. The first 
stage of the heat-treatment is at 720 °C. The heat-treatment duration at each stage is 6 h. Numbers 
indicate the peak positions in nm. 

 

In the spectrum of the initial ZASox glass, the absorption edge is located at 337 nm, see 

Figure 13(b,d). It is due to the O2- ─ Ti4+ charge transfer band [10,11,90-95]. Absence of absorption 

in the visible and near IR regions of the spectrum, Fig. 13(b), indicates the absence of a noticeable 

amount of Ti3+ ions in the ZASox glass. The broad unstructured absorption band in the range from 

2700 nm to 3200 nm, Fig. 13(b,h), is due to absorption of OH-groups in the initial glass [96,97]. 

The absorption edge shifts slightly from 337 to 339 nm after the nucleation heat-treatment of the 

ZASox glass at 720 °C for 6 h. A slight structuring of the absorption band due to the presence of 

OH-groups is revealed by an appearance of a weak maximum at 2957 nm. 

Figure 13(b) shows that after two-stage heat-treatments there is a gradual shift of the 

absorption edge to longer wavelengths and structuring of the band associated with OH-groups 

absorption. There is no absorption in the visible spectral range. Gahnite crystallization at these 
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heat-treatments probably causes accommodation of Ti4+ ions in its structure according to the 

scheme that two Al3+ ions are replaced with one Ti4+ and one Zn2+ ion [98].  

The absorption edge in the spectrum of GC of the ZASox composition, obtained by the heat-

treatment at 750 °C at the second stage, practically does not change its position (there is a shift of 

1 nm, from 339 nm to 340 nm) relative to the absorption edge in the spectrum of the glass that 

underwent the nucleation heat-treatment at 720 °C. The absorption edge in the spectra of GCs 

obtained by heat-treatments from 800 to 950 °С shifts to longer wavelengths from 344 nm to 361 

nm with increasing the heat-treatment temperature. The absorption edge position in spectra of GCs 

obtained by the two-stage heat treatments with the temperatures of 1000 °C and 1050 °C at the 

second stage shifts to 398 nm and to 412 nm, respectively, suggesting an increase of scattering 

losses. This increase is caused by crystallization of gahnite crystals with a refractive index n = 

1.79–1.80 [102,103], and rutile crystals with a higher refractive index no = 2.5835 and ne = 2.8650 

at 633 nm [104]. The analysis of the origin of light scattering in these GCs will be the subject of 

the future study within the framework of the approach developed by M. Shepilov et al. in Refs 

[105,106].  

Intensification and structuring of OH-group absorption bands in the spectra of the ZASox 

GC obtained by heat-treatments from 750 to 1050 °C at the second stage occurs in the same way 

as in spectra of GCs of the ZAS composition. 

 

4. Discussion 

Previously we studied phase transformations in the glass of the ZASox composition using 

the combination of XRD analysis, small-angle X-ray scattering and low-frequency Raman 

scattering [32] and revealed that the initial glass is inhomogeneous, which is proven by the present 

TEM results, see Fig.10(a,d). Upon heat-treatment, metastable amorphous phase separation 

develops in the glass by spinodal mechanism [32]. The glass demonstrates the bimodal structure, 

i.e. the appearance of inhomogeneous regions with large and small sizes and different 

compositions regularly distributed in the residual glass. The rate of formation of large zinc 

aluminotitanate regions of inhomogeneity is much higher than that of the smaller zinc aluminate 

regions, and zinc aluminotitanate phase predominantly precipitates upon cooling, quenching and 

annealing of the initial glass. The zinc aluminate phase is mainly formed during subsequent heat 

treatments, while the formation of zinc aluminotitanate phase continues during these heat-

treatments. Both types of inhomogeneous regions also contain some SiO2 in their compositions. 

In the course of phase separation, the residual glass becomes silica-enriched and thus more viscous. 

Gahnite crystallizes from the zinc aluminate amorphous phase during heat-treatments at 750 C 
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and above, while the zinc aluminotitanate amorphous phase decomposes at 1000 C with 

crystallization of rutile and additional crystallization of gahnite [32].  

In the present study, we compared the structure and some physical properties of GCs 

prepared from the same glass melted in oxidizing and normal conditions. The presence of some 

portion of Ti3+ ions in the ZAS glass melted under normal conditions and their absence in the 

ZASox glass melted under oxidizing conditions is proven by the comparison of their absorption 

spectra.  

The increase of the absorption due to Ti3+ ions after the heat-treatment of the ZAS glass at 

the nucleation stage suggests that Ti3+ ions enter the amorphous phase separated regions. A further 

increase of absorption due to Ti3+ ions after the heat-treatment at 750 °С, when gahnite crystals 

with structure corresponding to a normal spinel appear in ZAS GC, proves that Ti3+ ions enter the 

zinc aluminotitanate amorphous phase. Simultaneous growth of absorption due to Ti3+ ions in Oh 

positions and of the gahnite crystallinity fraction in the ZAS GC at increasing the temperature of 

heat-treatment, suggests that Ti3+ ions do enter into zinc aluminate amorphous regions and, at their 

crystallization, into gahnite crystals substituting for octahedrally coordinated Al3+ ions by the 

isovalent isomorphism scheme; the broadband absorption is due to the 2T2g→Eg transition of Ti3+ 

ions in the octahedral positions of gahnite crystals.  

Thus, we obtained Ti3+-doped gahnite nanocrystals for the first time, to the best of our 

knowledge.  

In the structure of normal gahnite, tetrahedral positions are occupied by Zn2+ ions and 

octahedral positions by Al3+ ions. The incorporation of Ti4+ ions into the gahnite structure occurs 

as a result of heterovalent isomorphism according to the scheme Zn2+ + Ti4+ ↔ 2Al3+. According 

to [11,98], charge balance in Ti4+-doped gahnite samples and stabilization of their crystal structure 

is achieved by substituting a portion of Al3+ ions on octahedral sites with excess Zn2+ ions. We 

suggest that in ZASox GCs titanium enters into gahnite structure as Ti4+ ion, substituting for 

octahedrally coordinated Al3+ ions, which is confirmed by appearance of additional gahnite bands 

in Raman spectra of ZASox GCs [72,73]. The unit cell parameter of gahnite in this case increases.  

The dependences of the gahnite unit cell parameter a on the heat-treatment temperature for 

the samples 9ZAS and 9ZASox near coincide, see Fig. 6. Crystallization of gahnite begins at the 

heat-treatment temperature of 750 C, and the unit cell parameter of gahnite crystals formed at this 

temperature is near 8.087 Å, which corresponds to the literature data for normal spinel. An increase 

of the heat-treatment temperature leads to growth of the gahnite crystallinity fraction. The 

parameter a of the gahnite unit cell increases and takes the value ~8.110 Å. The increase in the 

parameter a may be due to entering the titanium ions into the gahnite structure as an impurity. The 

appearance of the band at ~732 cm-1 in the Raman spectra of ZAS and ZASox GCs confirms this 
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assumption. It can be assumed that in both GCs Ti ions enter the structure of gahnite mainly in the 

4+ oxidation state, which is in agreement with the results of Refs [72,98]. It means that the impact 

of Ti3+ ions on the gahnite parameter a is small probably due to the small fraction of Ti3+ ions in 

the initial ZAS glass. 

The parameter a of the gahnite unit cell could be considered unchanged in the whole 

temperature range of heat-treatments from 850 C to 1350 C for both GCs, if it were not for the 

synchronous decrease of the parameter in GCs prepared by heat-treatments in the range from 1000 

C to 1100 C. The decreased value of a = 8.104 Å in the ZAS samples is observed at heat-

treatment temperatures of 1050 C and 1100 C, and in ZASox samples a = 8.105 Å at 1000 C 

and 1050 C. It is noteworthy that the beginning of rutile crystallization is observed at 1000 C 

according to XRD data. Crystallization of rutile in the zinc aluminotitanate amorphous phase 

provokes the crystallization of gahnite. Consequently, the amorphous zinc aluminotitanate phase 

is an additional source of gahnite formation. It is possible that the gahnite crystallizing in the 

aluminotitanate phase has a unit cell parameter much lower than that of gahnite crystallized from 

the zinc aluminate amorphous phase. There may be several reasons for this. One of them may be 

the different ratio of ZnO and Al2O3 components in these amorphous phases. It is known that the 

unit cell parameter of gahnite decreases if the content of ZnO decreases by increasing the content 

of Al2O3. Thus, the parameter of gahnite with the composition of (Zn0.3Al0.7)Al1.7O4 (ISCD card 

#77-0732) is 8.000 Å. Another reason may be the absence or a reduced content of titanium ions in 

gahnite crystallizing from the zinc aluminotitanate phase simultaneously with rutile. The presence 

of some amount of gahnite with a low unit cell parameter may reduce the total value of the gahnite 

parameter. The decrease of the gahnite unit cell parameter at the heat-treatment temperature of 

1000 C for the ZASox GC and of 1050 C for the ZAS GC allows us to confirm the conclusion 

that the decomposition of the zinc aluminotitanate phase and the crystallization of rutile in ZASox 

GCs occurs at a lower temperature than in ZAS GCs. This is another difference in the temperature 

of phase transformations related to synthesis conditions. 

Variation of the redox conditions of glass melting applied in this study does not influence 

significantly the sequence and character of phase transformations in the ZAS glasses. However, in 

the initial glass obtained under oxidizing conditions, liquid phase separation develops faster than 

in the sample obtained under normal conditions. Variation of the redox conditions of glass melting 

affects also the temperature of rutile and cristobalite crystallization. In the ZASox GCs, 

crystallization of rutile and of the residual glass begins at a lower heat-treatment temperature as 

compared with that for the ZAS glass, which can be explained by the role of titanium ions. It was 

demonstrated that Ti4+ ions can induce the formation of cristobalite [107]. An analysis of changes 

in the unit cell parameters of rutile in GCs obtained from glasses melted under different redox 
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conditions showed that the conditions of glass synthesis affect the structure of rutile formed after 

heat treatment at temperatures from 1050 °C to 1200°C. The unit cell of rutile in GCs obtained 

from glasses synthesized under oxidizing conditions has a more elongated shape than the unit cell 

of rutile in GCs obtained from glasses melted under reducing conditions. Such a change in the 

parameters is possibly due to the fact that Ti3+ ions are present in rutile as an impurity. The size of 

rutile crystals formed in GCs after heat treatment in the temperature range from 1050 °C to 1200 

°C is not affected by the synthesis conditions. 

The analysis of the absorption spectra leads to the conclusion that the redox conditions of 

glass melting influence the composition of the gahnite crystals. Comparison of the absorption 

spectra of the initial glass, the glass that underwent the heat-treatment at the nucleation stage, and 

the GCs of the ZAS composition with those of the ZASox composition indicates that the spectra 

differ in the range from 335 to 1700 nm. This difference is due to the different nature of the 

absorbing centers in the samples. The spectra of samples obtained under oxidizing conditions are 

dominated by Ti4+ ions. In the spectra of samples obtained under normal conditions, the broadband 

absorption is due to the 2T2g→Eg transition of Ti3+ ions in the octahedral positions in gahnite 

crystals.  

Let us discuss the behavior of the OH- band in absorption spectra of the ZAS and ZASox 

glasses. It is known [108] that the nominally anhydrous materials can incorporate significant 

amounts of dissolved ‘water’ in the form of structurally incorporated hydrogen (H+), which is 

typically bound to relatively underbonded oxygens, forming spectroscopically active hydroxyl 

(OH−) groups. These groups are often associated with other defects such as cation vacancies. Most 

of the stretching vibrations of trace OH- groups in minerals are observed in the high-energy region 

between 3700 and 3200 cm-1 [109]. There exists a correlation between O-O distances of protonated 

polyhedral edges in minerals and O-H stretching frequencies [110].  

The position of the broad unstructured band connected with OH- groups in glasses and GCs 

under study falls in this spectral region. The band due to the absorption of OH- groups in the initial 

ZAS and ZASox glasses is broad and asymmetric with a maximum at a wavelength of ~2800 nm 

(~3570 cm-1), with a tail to lower energies indicating a broad distribution of H bond lengths [111].  

As we mentioned above, after the two-stage heat-treatment with the temperature of 750 °C 

at the second stage, the shape of the absorption band drastically changes: the broad and 

unstructured band associated with the absorption of OH-groups in the glass splits into two bands. 

Different dependences of intensities of absorption bands of OH- groups on the heat-treatment 

temperature - the increase in the intensity of the absorption band at 2730 nm (3663 cm-1), and first 

the growth and then the decrease in the intensity of the band at 2957 nm (3382 cm-1), apparently, 
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indicates that these bands are also due to the absorption of OH- groups in different environments. 

We believe that OH- groups are located in different phases of multiphase GCs.  

A weak maximum at 2957 nm appears in the spectrum after the heat-treatment at the 

nucleation stage, when amorphous phase separation develops. Intensity of this maximum grows 

with the increase of the heat-treatment temperature up to 850 C and decreases with a further 

increase of the heat-treatment temperature in the range from 900 to 1050 °C. According to Raman 

spectroscopy data, the intensity of the band connected with the zinc aluminotitanate amorphous 

phase behaves in a similar way, see Fig. 9. During heat-treatments at temperatures from ~900 °C, 

partially ordered rutile-like regions are formed, and then rutile and gahnite crystallization begins 

in the amorphous zinc aluminotitanate regions (the latter is confirmed by XRD data). It can be 

assumed that the solubility of OH-groups in the zinc aluminotitanate regions decreases upon rutile 

and gahnite crystallization, while the rate of their diffusion from these regions increases. This 

should lead to a decrease in the intensity of the absorption band of OH-groups in this phase. Thus, 

it can be suggested that the absorption band of OH groups with a maximum of ~2957 nm is 

associated with OH- groups in amorphous zinc aluminotitanate regions, and the decrease in the 

intensity of this band is presumably associated with the onset of structural transformations in these 

regions. It should be noted that rutile from natural occurrences is characterized by one or two 

absorption bands in the 3300 cm-1 region located between 3320 and 3280 cm-1 (3012 - 3049 nm) 

[112]. It is difficult to find such bands in absorption spectra of our GCs. 

According to Refs [108,113] synthetic, non-stoichiometric, Al-rich spinel can incorporate 

significant quantities of hydroxyl as opposed to stoichiometric spinel. We assume that the band 

with a maximum of ~2730 nm (~3663 cm-1) is due to the absorption of OH- groups in gahnite 

nanocrystals in GCs, since this peak appears simultaneously with gahnite crystallization upon heat-

treatment at 750 °C and its intensity increases with an increase in the spinel fraction in GCs, see 

Fig. 14. It should be noted that the band at the same position appears in the spectrum of GC of the 

magnesium aluminosilicate system simultaneously with crystallization of magnesium aluminate 

spinel [83]. The position of this absorption band is different from the position of the band at around 

2890 nm (3460 cm-1) presented in Ref. [114] and assigned to the OH- stretching vibrations in 

synthetic gahnite crystals and from the position of the broad absorption band in the spectrum of 

naturally occurring gahnite crystals (ZnA2O4) at ~2940 nm (3400 cm-1) [115]. However, the 

position of this band is close to that of the -Mg2SiO4 phase with spinel structure, for which the IR 

spectrum shows very broad absorption bands centered at 2743 nm (3645 cm-1) and 2989 nm (3345 

cm-1) with a shoulder at 3226 nm (3120 cm-1) [116]. It allows us to suggest that the hydrogen ions 

are associated with oxygen ions in the gahnite crystals near the grain boundaries between the 

gahnite crystals and the residual glass. OH- groups in silica glass are characterized by a single IR 
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band at ~2729 nm (3665 cm-1) with inflections at ~2774 nm (3605 cm-1) and at ~2710 nm (3690 

cm-1) [117], which is difficult to notice on the background of the band associated with OH- groups 

in gahnite.   

 

 
Fig. 14. Variation of the absorption coefficient at λ = 2730 nm and variationof the gahnite XRD 
peak intensity I331 with the heat-treatment temperature. 
 

Conclusions 

The influence of redox conditions of glass melting on the sequence of phase 

transformations, structure, spectral and physical properties of titanium-containing glass-ceramics 

based on nanosized gahnite crystals has been studied for the first time, to the best of our 

knowledge. 

The model glass of the zinc aluminosilicate system nucleated by titania was melted with 

and without addition of As2O3. The glasses were subjected to heat-treatments in the temperature 

range from 720 to 1350 °C to obtain gahnite-based glass-ceramics. The structure and spectroscopic 

properties of these materials were studied by the DSC, XRD analysis, TEM, Raman and absorption 

spectroscopy. Their density and thermal expansion coefficients were determined. 

Initial glasses are X-ray amorphous while inhomogeneous. The glass melted in normal 

conditions as opposed to glass melted in oxidizing conditions contains Ti3+ ions. Upon heat-

treatment at the nucleation stage, metastable amorphous phase separation develops, and titanium 

ions in different oxidation states are distributed between inhomogeneous regions different in 

composition and sizes, and the residual glass phase.  
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The zinc aluminate amorphous phase, which also contains traces of titanium ions, 

crystallizes with formation of Ti-doped gahnite nanosized crystals with a cubic spinel structure 

during heat-treatments in the range from 750 to 1350 °C. The zinc aluminotitanate amorphous 

phase decomposes with crystallization of rutile and additional crystallization of gahnite at 

temperatures of 1000 C and above.  

Gahnite unit cell parameters of ZAS and ZASox GCs change with the heat-treatment 

temperature in a similar way due to incorporation of titanium ions mainly in Ti4+ oxidation state. 

The impact of Ti3+ ions on the gahnite unit cell parameter is not noticeable due to a small fraction 

of Ti3+ ions in ZAS GCs. 

Variation of the redox conditions of glass melting affects the distribution of Ti3+ and Ti4+ 

ions between the amorphous and crystalline phases, kinetics of liquid phase separation and 

crystallization of rutile and the residual glass phase. 

Variation of the redox conditions of glass melting does not affect the kinetics of 

crystallization of nanosized gahnite crystals and the structure of thus obtained glass-ceramics. This 

finding is very promising for the development of glass-ceramics doped with the functional ions in 

the lower oxidation state. 

Transparent glass-ceramics based on titanium-doped gahnite were obtained by two-stage 

heat-treatments in the temperature range from 750 °C to 1050 °C. In ZAS GCs obtained from 

glasses melted under normal conditions, broadband absorption is observed in the visible and near-

IR due to absorption of Ti3+ ions located in Oh positions in ZnAl2O4 crystals.  

Changing the redox conditions of glass melting makes it possible to control the content of 

titanium ions in various oxidation states in ZnAl2O4 nanocrystals and the spectral properties of 

glass-ceramics, which is important for the development of promising materials for laser 

technology including the rare-earth-free phosphors. 
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