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ABSTRACT: Transparent and hard ZnO-AlL,0;—SiO, (ZAS)
glass-ceramics (GCs) are desirable for various applications.
However, TiO,, an effective nucleating agent for this system, can
introduce an unwanted yellow coloration. This study explores the
effect of partially replacing TiO, with ZrO, on the crystallization
pathways, color, transparency, and hardness of ZAS glasses and
corresponding GCs, by evaluating compositions containing a
constant content (4.5 mol %) of the referred nucleating agents.
Optical transmittance showed that all glasses and GCs prepared
were transparent in the visible range. However, they presented a
yellowish hue that faded as the ZrO,/TiO, ratio increased, as
indicated by the CIELab analyses. One possible source of such %TiO,

coloration is the presence of iron ions in different oxidation states

such as Fe*" and Fe**, this last detected by Electron Paramagnetic Resonance measurements in all the glasses. The samples’ color is
also likely affected by the Ti**—O>" charge transfer mechanism. Concerning the mechanical performance, all GCs present similar
hardness, which is a consequence of the slight variation in the crystallization kinetics with the varying ZrO,/TiO, ratio. Therefore,
the partial replacement of TiO, with ZrO, enables the preparation of glasses and GCs with a lighter coloration, without impairing
their hardness.

1. INTRODUCTION For instance, nanosized crystals are usually required for
transparency, while good mechanical properties are mainly
associated with a relatively coarse microstructure (um scale
instead of nm) and high crystalline fraction,'” characteristics
that tend to result in optically opaque GCs.

Obtaining transparent GCs requires minimum light
scattering; therefore, the material should present crystals
much smaller than the wavelength of visible light (nanometric
crystals), or, in the case of micrometric crystals, the crystalline
and vitreous phases should have similar refractive indexes."
Usually, the smaller the crystals and the closer the refractive
index of the different phases, the higher the light and image
transmittance.

Some glass compositions from which it is possible to
produce transparent, harder, and tougher GCs have been
discovered in the ZnO-Al,0;—SiO, (ZAS) system.'’

Glass-ceramics (GCs) are inorganic, polyphasic materials
obtained through the controlled crystallization of some
inorganic, nonmetallic glasses.' This thermally activated
process involves crystal nucleation and growth of at least one
functional crystalline phase in the bulk or surface region of the
parent glass. Although the crystal fraction can vary from ppm
to almost 100 vol %," most commercially available GCs
typically exhibit a crystallized fraction of less than 70%. The
final nano- or microstructure is a consequence of the chemical
composition of the parent glass and subsequent heat treatment
protocols. The unlimited and precise combination of all these
factors has enabled the tuning of GCs’ properties to achieve
the most demanding technological requirements in diverse
fields, including medicine,” dental,® ballistic,* optoelectronic,5
energy,é’7 and telecommunication,” among others.

This study focuses on the production of GCs combining
optical transparency and good mechanical performance, which
are essential for several applications, such as displays for
electronic devices,” bulletproof armors,” and telescope
"% However, successfully achieving this combination
of properties in GCs is particularly challenging since the
improvement of one often comes at the expense of the other.
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However, to boost the crystal nucleation in ZAS-based GCs,
reaching a crystal number density high enough to yield a
transparent material while preserving the mechanical perform-
ance, it is necessary to add nucleating agents to the parent
glass. These compounds are added in relatively small
quantities, usually lower than 7 mol %, and they act by
lowering the thermodynamic or kinetic energy barrier, or both,
for the crystal nucleation of the parent glass.”” In ZAS glasses,
TiO, is commonly used as a nucleating agent,m’16 however,
this compound usually alters the visible light absorption of the
silicate glasses and corresgonding GCs, giving them a yellowish
or brownish hue'*'”'"®—an undesired effect for some
applications such as electronic displays and ballistic shielding.
It is believed that the main source of this coloring effect in the
glass and GCs is the presence of Ti’" cations, which show a 3d’
electronic configuration with a d—d absorption band close to
500 nm.'” An attempt to attenuate or avoid this effect is the
addition of clarifying compounds such as CeQO,, which acts as
an oxidizing agent for Ti’* ions."* Iron ions—a common
impurity in glass-making raw materials—can also give
coloration to the glass and GCs containing TiO,, because of
selective light absorption by Fe*" and Fe** ions that can
contribute to a charge transfer with Ti** and Ti*" ions.'” Due
to these divergent hypotheses, there is no definitive conclusion
on whether titanium or iron ions are responsible for the
yellowish tone of ZAS GCs containing TiO, as a nucleating
agent.

Another alternative to mitigate the undesirable coloration,
apparently induced by TiO,, is to replace it with another
effective nucleating agent, for instance, ZrO,, also commonly
incorporated into several aluminosilicate glass compositions to
boost internal nucleation.”’~** The addition of ZrO, usually
does not affect the glass and GCs’ color, since the absorption
associated with the charge transfer of O*"—Zr*" is expected to
occur in wavelengths around 165—195 nm,”* out of the visible
range. Motivated by this possibility, in this study, we evaluate
the effect on the crystallization and some properties (color,
transmittance, and hardness) of GCs from three ZAS
compositions with varying ZrO,/TiO, ratios, while maintain-
ing the overall nucleating agent content constant (4.5 mol %).
Thus, the main goal of this research is to identify the most
effective ZrO,/TiO, ratio for achieving a combination of high
transparency, colorless appearance, and high hardness in ZAS
glasses and GCs. Also, we are interested in understanding the
origin of the yellowish tone of these glasses and GCs.

2. EXPERIMENTAL SECTION

2.1. Glass Preparation. The nominal chemical compositions of
the glasses from the ZnO—ALO;—SiO, (ZAS) system selected for
this study are presented in Table 1. The composition ZAS A was
taken from ref 14 whereas ZAS B and ZAS C have the same nominal
content of ZnO, Al,O;, and SiO, of ZAS A but a varying ZrO,/TiO,
ratio.

ZnO, Al,O;, and SiO, (ZAS) are the main constituents for forming
cubic gahnite (ZnO-Al,0;) crystals; K,0O is added to decrease the
liquid viscosity and aid in the melting of this high-alumina glass. ZrO,
and TiO, act as nucleating agents, while CeO, is added to mitigate
the yellowish color of the glass. These glass compositions lead to the
formation of gahnite as the main crystal phase upon crystallization.

For each composition, 100 g of glass were prepared using the
following chemicals: SiO, (Zetasil 2, >99.9%), ALO; (Almatis,
99.0%), ZnO (Synth, 99.0%), TiO, (Riedel de Haen, 99.8%), ZrO,
(Alfa Aesar, 99.5%), K,CO; (Sigma-Aldrich, >99.0%), and CeO,

(Vetec, 99%). The chemicals were previously dried in an oven at

Table 1. Nominal Composition of the ZAS Glasses Analyzed
(in Mol %)

components ZAS A ZAS B ZAS C
SiO, 60.7 60.7 60.7
ALO, 16.2 16.2 16.2
ZnO 16.2 16.2 16.2
K,0 2.2 2.2 2.2
CeO, 0.2 0.2 0.2
TiO, 4.5 2.25 1.5
Zr0, 225 3.0

~100 °C for 24 h, weighted and mixed according to the nominal
composition given in Table 1, and then homogenized in a high-speed
mixer at 1200 rpm for 5 min. The batch was melted in a Deltech
electric furnace at approximately 1600 °C for 3 h, using a Pt crucible.
To improve the chemical homogeneity, the melt was poured, crushed,
and remelted three times. Glass plates of ~4 mm thickness were
obtained through a splat cooling procedure by pouring the melts and
pressing them between two flat metallic plates. To relieve internal
stress, the glass plates were annealed at 50 °C below the glass
transition temperature (Tg) for 2 h, using heating and cooling rates of
3 and 1 °C/min, respectively.

2.2. Thermal Analysis and Crystallization Kinetics. The
characteristic temperatures of the glasses, such as T, and the
crystallization onset (T,) and peak (TP) temperatures were
determined by differential scanning calorimetry (DSC). The DSC
measurements were performed in a differential scanning calorimeter
(model Netzsch 404), using monolithic glass pieces (~30 mg)
inserted in a Pt pan and lid set, and a heating rate of 10 °C/min from
room temperature to 1200 °C. Additionally, DSC analyses were
employed to estimate the temperature of the maximum nucleation
rate (T,.na) for each glass, using a nonisothermal method based on
the (T,) shift and the variation in the crystallization peak height (Py;)
for different nucleation temperatures (T,).”* This qualitative analysis
of T}, max Was performed considering the results of T}, indicated by the
DSC curves, also obtained from monolithic samples previously
submitted to varying nucleation treatments of 2 h at T, = T, T,—10
°C, T, +10 °C and T, +20 °C.

The Kissinger model,*® given by eq 1, was used to estimate how the
activation energy (E,) for the crystallization is affected by the different
proportions of nucleating agents. This equation considers the shift of
T, with the temperature when increasing the heating rate () used in
the DSC runs. For this analysis, the DSC measurements were
conducted using different heating rates (15, 20, 25, and 30 °C/min)
in bulk samples of approximately 40 mg. In eq 1, R is the gas constant.

n = - + constant
kY, (1)

2.3. Heat Treatment Protocol and Characterization. Thermal
analyses were performed to guide the heat treatment protocols for
each glass to produce the GCs. To this end, double-stage heat
treatments were implemented, comprising the nucleation of crystals at
T, = Tymax and their growth at the T, and T, temperatures observed

in the DSC curves. Table 2 summarizes the implemented heat

Table 2. Heat Treatments Conducted in the ZAS Glasses

nucleation growth nomenclature
temperature [°C] time [h] temperature [°C] time [h]

Ty = Ty 3 T, 2 A/B/C-1
T, A/B/C-2
24 T, A/B/C-3
T, A/B/C-4
48 T, A/B/C-5
T, A/B/C-6

https://doi.org/10.1021/acs.cgd.4c01000
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treatments and the identification of each sample. The adopted
identification system for the samples is based on the composition
name (ZAS A, B, and C) and the heat treatment protocol (crystal
nucleation time and crystal growth temperature) used. It is important
to note that, for comparison purposes, the same heat treatment
conditions, considering the characteristic temperatures of each glass
(Table 3), were applied to all compositions.

Table 3. Glass Transition (Tg), Crystallization Onset (T,),
and Peak (TP) Temperatures of the ZAS Glasses”

glass T, [°C] T, [°C] T, [°C]
ZAS A 668 790 835
ZAS B 718 900 923
ZAS C 719 870 884

“The estimated error in these temperatures is less than +3 °C.

To identify the crystalline phases in the GCs, X-ray diffraction
(XRD) analyses were conducted in bulk pieces, after removing the
surface crystallized layer, using a diffractometer (Rigaku Ultima IV)
with a Cu K, radiation source, a scanning interval (26) from 10 to
80°, a step scan of 0.02° and a counting time of 1 s. The average
crystallite size (D) of the GCs was inferred from the XRD
diffractograms through the Scherrer equation according to eq 2.

K
Pcos 0

©)

where K is the Scherrer constant (~0.9 for any crystallite shape27) ; A
is the wavelength of X-ray radiation (Cu Ka = 1.5406 A); f3 is the full
width at half-maximum of the most intense diffractogram peaks; and 6
is the Bragg angle. To avoid biased results, D was estimated
considering the five most intense peaks.

Since the XRD instrument itself can contribute to the broadening
of the diffraction peaks, a correction was implemented to avoid
underestimating D. To this end, a XRD measurement was run on a
crystalline SiO, (quartz) sample using the same conditions as those
applied to the GCs. Since in this case, f# should be almost zero, any
value associated with this parameter can be attributed to the
instrumental contribution to peak broadening. Therefore, for the
correction, the found value (f = 0.1334°) was subtracted from those
initially estimated for the GCs.

The light transmittance and the color of the parent glasses and GCs
were evaluated in a PerkinElmer UV/vis spectrometer, in the
wavelength ranges A 800—300 nm and A = 780—380 nm,
respectively, with a scan speed of 60 nm/min. For these measure-
ments, samples of approximately 3.0 mm thickness were used. The
largest parallel faces were ground with SiC paper of different
granulometry (from 320 to 1200 mesh) and polished using a velvet
cloth moistened with an aqueous CeO, suspension.

The color analysis was performed following the guidelines of the
Commission Internationale de lEclairage (CIE or CIELab from CIE
L*a*b*). The CIELab is a color space system used to measure and
describe the perception of colors consisting of 3 coordinates: “a*”
(red and green axis, where + a* indicates red and — a* indicates
green), “b*” (yellow and blue axis, where + b* indicates yellow and —
b* indicates blue), and *L, which varies from black (0) to white
(100), indicating the lightness of the color.”®* The a* and b*
coordinates have no fixed boundaries.”® In this study, the colorimetric
coordinates of each sample were determined in the CIE 1931 system
through the PerkinElmer Color software considering a 2° observation
angle. Despite some limitations,®® the CIELab is still one of the most
used color spaces.

To verify whether Fe** or Ti** could be considered the main source
of the coloration of the glasses and GCs, we conducted electron
paramagnetic resonance (EPR) measurements in the glasses and some
GCs (A6, B6, and C6) from compositions ZAS A, ZAS B, and ZAS C.
To collect the EPR spectra, polished samples of ~2 X 2 X 10 mm
were inserted into a quartz tube with an internal diameter of 3 mm.

9916

Cr* was used as a standard of g values to calibrate the magnetic field
(g = 1.9797). The tests were conducted in a Varian E-109 X-band
spectrometer at two temperatures: 295 and 77 K. The following
measurement parameters were used: center field = 260 mT, scan
range = 500 mT, sweep time = 180 s, number of points = 4096,
microwave power = 20 mW, modulation amplitude 0.2 mT,
modulation frequency 100 kHz, and microwave frequency =
9.10661 GHz.

Vickers microhardness (H,) was determined for the parent glasses
and GCs. This mechanical test was conducted on polished samples
(prepared using the same procedure for the transmittance samples) in
an Anton Paar MHT device with a square-based diamond pyramid
indenter. A load of 10 N was applied for a dwell time of 15 s (at an
average temperature of 20 °C and humidity of ~55%). For the
calculation of H,, at least five valid indentations (symmetric
indentations with a difference between the two diagonal lengths
lower than 5% of the average value, and without excessive cracking
around the indentation) were considered for each sample.’’ The H,
[GPa] was calculated via eq 3

P
H, = 0.001854—
a2 (3)

where P is the load [N] and d is the average length [mm] of the
diagonals of the impressions.

3. RESULTS

3.1. Thermal Analysis and Crystallization Kinetics.
The DSC curves of each glass composition, as well as their
external appearance, are shown in Figure 1. For ease of
comparison, the characteristic temperatures T, T, and T, are
summarized in Table 3.

0.8

——ZAS A
——ZASB

DSC (uV/mg)

600 700 800

T(°C)

900 1000

Figure 1. DSC traces of the parent glasses ZAS A, ZAS B, and ZAS C
obtained at a heating rate of 10 °C/min. The visual appearance of the
glasses is shown in the inset.

Based on the T, values, four to five different T, were chosen
for the qualitative analysis of T,,_,,,. The relative position of T,
is expected to be proportional to the internal nuclei number
density (N,)*” since a high number of nuclei contributes to
faster crystallization kinetics, which shifts T, to lower
temperatures. Thus, the maximum of the 1/T, ratio should
occur for samples heat-treated at a T, corresponding to the
highest nucleation rate. For the cases in which the 1/T, vs T,
trend is not conclusive, i.e., 1/ T, keeps increasing with T, the
behavior of the Py vs T, curve should be considered. A
decrease in Py with an increasing T, indicates an overlap
between the nucleation and crystal growth curves, and such
overlap also leads to an increase in the 1/T, ratio. Figure 2

https://doi.org/10.1021/acs.cgd.4c01000
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Figure 2. Inverse temperature of the first crystallization peak T}, (top of the figures) and peak height Py; (bottom of the figures) as a function of the
temperatures used for nucleation in samples of the compositions: (a) ZAS A; (b) ZAS B; (c) ZAS C. Error bars have been excluded, as the

calculated error is negligible compared to the data points.

shows the results of the qualitative analysis of T, ., for the
three ZAS glasses. For compositions ZAS A and ZAS B, T,
(668 and 715 °C, respectively) was selected as the T, whereas
for composition ZAS C, T, + 10 °C = 729 °C was considered
as the optimum value for T

The crystallization kinetics was evaluated through the
nonisothermal Kissinger method. The Kissinger plots and the
calculated E, values are presented in Figure 3.

158 - & ZASA ]
® ZASB
156 - m zAsC
154 1
= L)
(\I\ﬂn 152 -
H .
N’
£ 150 +
148 15 ~200425 Kimol
E, =216 +6 KJ/mol
146 E, =243 + 4 KJ/mol T

0.78 0.80 0.82 0.84 0.86 0.88
1000/T, K]

Figure 3. Kissinger plot for the ZAS glasses. The solid straight lines
correspond to the linear fit of the experimental data. Error bars have
been excluded, as the calculated error is negligible compared to the
data points.

Considering the error, the activation energies for ZAS B and
ZAS C glasses are very similar, whereas the E, of ZAS A is
slightly higher than those of the other two glasses.

3.2. X-ray Diffraction Analysis. Figure 4 shows the X-ray
diffraction (XRD) patterns of the glasses and their
corresponding GCs. The heat treatments and the sample
names are detailed in Table 2.

To infer the effect of the ZrO,/TiO, ratio on the
development of the different crystalline phases, a comparison
between the diffraction patterns of GCs from ZAS A, ZAS B,

and ZAS C obtained through the same heat treatment protocol
and the same XRD conditions (3 h at T, and 2 h at T}) is
presented in Figure S.

Figure 5 shows that the crystallization peaks detected in ZAS
A (the composition containing TiO, as the only nucleating
agent) are slightly less sharp than those found in the ZAS B
and ZAS C diffractograms. The crystallite sizes of gahnite
estimated via the Scherrer equation (eq 2) for each GC
prepared are plotted in Figure 6.

Figure 6 shows that, even when the error bars are
considered, there is still an important crystallite size difference
between the GCs from ZAS A compared with those from ZAS
B and ZAS C.

3.3. Transmittance and Color. Figure 7 compares the
light transmittance of the parent glasses and their correspond-
ing GCs as a function of the wavelength (left) and the
colorimetric coordinates L*, a*, and b* determined in the CIE
1931 color space system in a 2D graph (right). For a direct
comparison, the colorimetric coordinates are listed in Table S1
and graphically represented in 3D graphs in Figure SI
(Supporting Information).

Figure 8a—c presents the results of the EPR measurements
conducted on glasses ZAS A, B, and C, and GCs A6, B6, and
C6 at 77 and 295 K (room temperature, RT). From the EPR
spectra, no peak corresponding to Ti**, which could be
associated with the samples’ color, was detected. However, a
signal corresponding to Fe** ions was found in all glass
samples, with an increasing intensity as the TiO, content
decreased. This behavior is clearer for the spectra obtained at
77 K. On the other hand, the intensity of the Fe®" peak
decreases in A6, compared to glass A, and the same peak is not
discernible in GCs B6 and C6. The decrease in the Fe®*
amount is likely due to the reduction to Fe** (which cannot be
detected by EPR) after partial crystallization or with increasing
the TiO, content.'”

3.4. Mechanical Properties. A comparison of the H,
values of the GCs and their parent glasses, along with some
representative indentation marks, is presented in Figure 9.

9917 https://doi.org/10.1021/acs.cgd.4c01000
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Figure S. Comparison between the XRD patterns of GCs A2, B2, and
C2 obtained through the same heat treatment protocol, correspond-
ingto3hat T, and 2 h at T,

4. DISCUSSION

A comparison between the DSC curves (Figure 1) of the
different compositions clearly shows that the variation of the
Zr0,/TiO, ratio affects the thermal behavior. For instance, the
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Figure 6. Crystallite sizes of gahnite estimated using eq 2. The
numbers 1 to 6 on the horizontal axis designate the heat treatment
protocol, as specified in Table 2.

lowest T, corresponds to the ZAS A glass, which contains TiO,
as the only nucleating agent, whereas the highest crystallization
peak was observed for the ZAS B glass containing both TiO,
and ZrO, as nucleating agents. This difference is related to the
distinct effect of TiO, and ZrO, on the crystallization and the
glass structure, despite both having the role of nucleating
agents. In aluminosilicate glasses, for instance, TiO, acts as a
network modifier. In these glasses, an increase in the TiO,
content decreases both the T, and the melt viscosity (n)
because of the decrease of the network polymerization
degree.”

On the other hand, for the same type of glasses, ZrO, has an
opposite effect on the thermal behavior, providing a higher T,
and a higher 7, since the Zr*" ions result in a more
polymerized silicate network.*® Despite these different effects,
all the precursor glasses analyzed in this study presented a
single crystallization peak, indicating that the nucleating agents
did not affect the predominant crystalline phase developed,
gahnite (ZnAL,O,). Regardless of the variation in their ZrO,/
TiO, ratios, the crystallization of the three glasses was similar,
as indicated by the E, parameter. This outcome is a
consequence of the development of the same crystalline
phase associated with the single crystallization peak observed
in the DSC curves.

The XRD patterns (Figure 4) confirmed that all GCs from
ZAS A, B, and C developed ZnAl,O, as the main crystalline
phase. However, GCs from ZAS B and ZAS C also presented
some peaks ascribed to the precipitation of ZrO,, even though
the crystallization of this second phase could not be identified
in the DSC curves (Figure 1). Likely, the crystallization peak of
ZrO, in the DSC curves is not intense enough to be detected
or overlaps with the more intense peak, presumably associated
with ZnAL O, crystallization. This result of the XRD analysis
corroborates those of different studies addressing aluminosi-
licate glasses containing ZrO, as a nucleating agent, which
show that ZrO, crystals usually precipitate in the early stages of
crystallization and behave as nucleation sites for the main
crystalline phase.”””’ ™" However, the detection of the
crystalline phase ZrO, in GCs with both ZrO, and TiO,
intentionally added as nucleating agents contrasts with some
works'”**™** pointing that ZrTiO, crystals, developed after an
initial liquid—liquid phase separation (LLPS), are responsible
for inducing internal nucleation.

https://doi.org/10.1021/acs.cgd.4c01000
Cryst. Growth Des. 2024, 24, 9914—9924
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It is important to note that comparing the XRD peaks for
GCs obtained through the same heat treatment protocol
(considering the characteristic temperatures of each glass),
those associated with the composition ZAS A are less intense
(Figure S). On the other hand, the narrower XRD peaks in
GCs from compositions ZAS B and ZAS C can be a
consequence of a higher crystal growth rate and/or smaller
crystal number density associated with a lower nucleation rate
in these compositions with both TiO, and ZrO,.

The XRD patterns of all GCs reveal broad peaks, which are
characteristic of nanosized crystallites*’ as confirmed via the
Scherrer equation (Figure 6). The composition ZAS A, having
TiO, as the only nucleating agent, presents the smallest
crystallite size. On the other hand, Figure 6 shows that GCs
from ZAS B present crystallites larger than those of GCs from
ZAS A and C (especially B6), despite being prepared through
the same heat treatment protocol. Such behavior is likely due
to the higher temperatures selected for the heat treatments of
ZAS B since this glass presented the highest T, and T}, (Table
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3). In any case, all values in Figure 6 are smaller than ~16 nm,
explaining the transparency of all GCs. Although the
estimation of the crystallite size through the Scherrer equation
should ideally be combined with transmission electron
microscopy analysis for greater accuracy,” eq 2 can be used
for average sizes below 100 nm, since in this case, the XRD
peak broadening is mostly caused by the crystallite size.”
The transmittance spectra (Figure 7) confirm that all GCs
have light transmittance percentages relatively similar to those
of their corresponding parent glasses, even those heat-treated
at higher temperatures, where faster crystal growth is expected.
However, crystal size in these GCs is likely conditioned to the
high nucleation rates of the parent glass, as a nucleation time of
only 3 h is enough to obtain transparent samples. In this case,
it is plausible that crystals’ impingement and a possible
diffusion barrier with a different chemical composition of
ZnAlL,O, around each crystal hinder further crystal growth,
limiting them to the nanoscale. The nucleation preceded by
LLPS can be another source for the presence of nanosized

https://doi.org/10.1021/acs.cgd.4c01000
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Figure 8. EPR spectra of the parent glasses (a) ZAS A, (b) ZAS B,
and (c) ZAS C and some GCs (A6, B6, and C6) at 77 and 295 K
(room temperature, RT). Cr'™" is a standard of g values to calibrate the
magnetic field (g = 1.9797). The spectra were normalized by the
weight (mg) of each sample. The Fe™ signals are described as Fe®* at
rhombic symmetry.

crystals, as observed by Golubkov et al.** in glasses from the
ZAS system containing TiO,, in which gahnite crystals are
formed within the zinc aluminate liquid phase-separated
regions of around 6—10 nm. Another possibility for the
restriction of the crystals’ size to the nanometric scale is the
low crystal growth velocity.

Even though all obtained ZAS GCs are transparent to visible
light, as can be confirmed in Figure S2 of the Supporting
Information, all of them presented a yellowish coloration, as
alread reg)orted by other studies for glasses nucleated with
TiO,. *''® In this regard, two charge transfer mechanisms
can be proposed: (i) oxygen-to-metal charge transfer (OMCT)
transitions (e.g., Ti*'—0?), and (ii) homo (e.g, Ti**—Ti**) or
heteronuclear (e.g, Fe’*—Ti*") intervalence charge transfer
(IVCT) transitions, as already discussed in other publications
for silicate glasses containing TiO,.'*!74¢

Both electronic transitions, OMCT and IVCT, are expected
to occur in the glasses and GCs of our study due to the
presence of Ti ions, which may exist as Ti,® Ti*, or both, and
because Fe ions are a common impurity in the raw materials
used for the parent glass synthesis.'”” Regarding the last
aspect, two features associated with Fe>* ions can be identified
from the EPR patterns of Figure 8. First, the relative amount of
Fe* increases as the content of TiO, decreases, and second,
Fe®" is barely identified in the analyzed GGs (Fe®" ions were
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detected only in the GC A6). Therefore, these results indicate
that there is a possible correlation between the decreasing
content of TiO, and the oxidation state of the proposed
coloring ions, likely due to a change of the redox equilibrium
Ti¥" + Fe** < Ti*" + Fe?* from the left to the right side.'”
However, since the EPR measurements did not detect Ti**
ions, we presume that the main cause of the samples’
yellowish/brownish coloration and its stronger intensity with
the TiO, content is likely due to the Ti**—O>~ charge transfer
mentioned before.

It is worth mentioning that CeO, was added to all the
studied compositions aiming to mitigate the original strong
yellow-brown color in glasses containing TiO,, by favoring a
Ce (IV) — O(-II) charge transfer. Thus, CeO, is reduced,
becoming Ce,0; (4CeO, — 2Ce,05 + O,), and the residual
oxygen can oxidize Ti** to Ti*"."* However, the CeO, added
was not enough to eliminate the yellowish color, and the
presence of Ce** was not identified by EPR.

The colorimetric coordinates L*, a*, and b* (Figure 7),
used to quantify the effect of TiO, on the color of the studied
glasses and GCs, showed that both the chemical composition
of the parent glass and the heat treatment affect the color.
Overall, the GCs from ZAS C seem to show less scattered
results, being concentrated in a relatively small range of values
for the a* and b* coordinates. However, considering only the
L* coordinate, the GCs from ZAS A compositions showed a
smaller variation. GCs from ZAS B presented the highest
variation in all coordinates, with samples in two quadrants of
the CIELab color space. For the three compositions, the b*
(tendency to a yellow-brown coloration) values for the GCs
are higher than those of their corresponding parent glass, an
outcome mainly attributed to changes in the oxidation state of
some ions during heat treatment. Considering only the GCs,
those from ZAS C presented the smallest b*, confirming that
the decrease of the TiO, content, while maintaining the same
base glass composition, mitigates the yellowish hue of the
samples. It is interesting to note that the b* values for the GCs
heat-treated at T, from ZAS A and from ZAS C are similar,
while those obtained from heat treatments at T}, show higher
b* values (stronger yellow tone). This behavior can be
correlated to the decrease in the Fe®* amount and their
possible reduction to Fe** during crystallization, as shown by
the EPR spectra (Figure 8), along with an increasing light
scattering caused by larger crystals and/or higher crystallized
fraction (Figure S2).

Because of the small effect of the ZrO,/TiO, ratio change
on the crystallization kinetics indicated by E, (Figure 3) and
the similar crystal size (nanometric) of the GCs (Figure 6), the
H, of all samples remains in a narrow range of ~7.0—7.5 GPa
(Figure 9). The improvement of the mechanical properties of
GCs compared with those of their parent glasses is mostly
ascribed to the crystalline phase developed. This can be
understood since the hardness of the GCs is a combination of
the H, of both the glassy matrix and the crystal phase (gahnite,
ZnAl,0,), which has a H, around 10.5—12.6 GPa in fully
polycrystalline samples.*”** The presence of nanocrystals and
the same predominant crystal phase in all the studied GCs
indicates that the variation in the chemical composition of the
parent glass was not enough to affect H,. Therefore, the partial
replacement of TiO, with ZrO, enables the preparation of
glasses and GCs with a lighter yellow color, without impairing
their mechanical performance, ie., by controlling the
nucleating agents ZrO,/TiO, ratio of a selected ZAS base

https://doi.org/10.1021/acs.cgd.4c01000
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Figure 9. Vickers microhardness of the glasses and GCs from (a) ZAS A, (b) ZAS B, and (c) ZAS C. Representative indentations from one GC of

each composition are presented on the right-hand side.

glass composition it was possible to increase the transparency
of the obtained glasses and GCs while keeping the hardness
unchanged.

Finally, for the sake of comparison, we prepared another
glass with the same base glass composition, ie., the same
proportion between the oxides (except the nucleating agents)
of the ZAS A, ZAS B, and ZAS C glasses, but containing 3 mol
% of ZrO, (as for ZAS C) as the only nucleating agent (named
as ZAS Z). According to the results presented in the Appendix,
the characteristic temperatures for this glass are higher than
those of ZAS A, ZAS B, and ZAS C, and a longer nucleation
treatment (at least for 72 h) is necessary to yield transparent
GCs. Additionally, the H, for GCs from ZAS Z is close to
values measured for GCs from ZAS A, ZAS B, and ZAS C.

Additional experimental data (viz, colorimetric coordinates
L* a* and b* in the CIE 1931 color space, their three-
dimensional representation, and images of all samples to show
their external appearance) are available in the Supporting
Information to complement the discussion of this work.

5. CONCLUSIONS

This study investigated the impact of varying the ZrO,/TiO,
nucleating agent ratio on the crystallization behavior, color,
transparency, and hardness of ZAS-based glasses and glass-
ceramics (GCs). Considering the visual appearance of the
glasses and GCs, CIELab analysis confirmed that the partial
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replacement of TiO, with ZrO, mitigates the unwanted
yellow/brown coloration, presumably caused by the presence
of Ti*'—0*" charge transfer bands and different charge transfer
mechanisms between Ti and Fe ions, these latter detected via
EPR. Additionally, Since the changes in the ZrO,/TiO, ratio
had a minimal effect on the crystallization kinetics, the
hardness of the evaluated glasses and GCs was similar. The
best balance between mechanical and optical properties was
achieved for the samples from the ZAS C composition, with a
Zr0O,/TiO, = 2:1 ratio. These outcomes offer valuable insights
for tailoring the hardness and optical properties of ZAS GCs
through the controlled substitution of TiO, with ZrO,,
providing guidance for developing esthetically pleasing, high-
performance materials.

B APPENDIX ZNO—AL,0;—-S10, COMPOSITION
WITH ZRO, AS THE ONLY NUCLEATING AGENT
(ZAS 2)

The nominal composition of the glass ZAS Z in mol %
corresponds to 16.5 ZnO-16.5 Al,0;-61.6 SiO,-2.3 K,0-3.0
ZrO,. This is the same base composition of glasses ZAS A,
ZAS B, and ZAS C, but with a lower nucleating agent’s content
compared with ZAS B and ZAS C, and a similar content in wt
% of nucleating agent compared to ZAS A. This adjustment in
the nucleating agent content was necessary to avoid having a

https://doi.org/10.1021/acs.cgd.4c01000
Cryst. Growth Des. 2024, 24, 9914—9924



Crystal Growth & Design

pubs.acs.org/crystal

considerable amount of ZrO, (>4.5 mol %), which would
make homogenization during melting difficult.

From the DSC curve (Figure S3, Supporting Information),
two crystallization peaks can be observed: the first, around 996
°C, probably related to the precipitation of zirconia, and the
second, at 1064 °C, assigned to the crystallization of gahnite.
The T, (734 °C) and the Tp, of the glass ZAS Z exhibited an
increase compared to the same parameters of the other ZAS
compositions investigated in this study (Table 3).

The heat treatments for the glass ZAS Z were defined based
on its characteristic temperatures (Table S2, Supporting
Information). Because of the absence of TiO,, the as-quenched
ZAS Z glass is colorless, as shown in Table S2. In contrast to
the glasses ZAS A, ZAS B, and ZAS C, the transparency of the
GCs from ZAS Z is highly dependent on the nucleation time.
The samples nucleated at 734 °C for 3 h and subjected to
crystal growth at 974 and 996 °C (onset and maximum
temperature of the first crystallization peak, respectively) for 2
h are completely opaque (Table S2, second and third rows).
Increasing the nucleation time from 3 to 24 h at 734 °C,
followed by crystal growth at the onset of the first
crystallization peak (~974 °C), seems to reduce the opacity
of the resulting GC (Table S2, fourth row).

Further nucleation treatments at T, for 48, 72, 96, and 120
h, followed by crystal growth at the onset of the first
crystallization peak for 2 h, increase the translucency of all
samples, as shown in the fifth to eighth rows of Table S2.
However, even the translucent and transparent samples exhibit
a yellowish tone, which can be attributed to the birefringence
of the ZrO, tetragonal structure, becoming more evident when
compared to the parent glass (first row in Table S2). A similar
visual trend was observed in GCs subjected to crystal growth
around the second crystallization peak (~1064 °C); as the
nucleation time increased, opacity decreased. The heat
treatment, visual aspect, and H, of the glass and some selected
GCs from composition ZAS Z are summarized in Table S2. All
samples in Table S2 have similar thicknesses (~3 mm).

XRD measurements were conducted on bulk and polished
GCs to identify the crystalline phases. Similar to compositions
ZAS B and C, only two crystalline phases were identified:
zirconia and gahnite (Figure S4, Supporting Information).

Table S2 also shows the results for the H, measurements,
which were conducted on GCs obtained through different
heat-treatment protocols. The samples were tested using a
Vickers indenter and loads of 10 and 20N with a dwell time of
1S s. The samples nucleated for only 3 h consistently
developed cracks at the corner of the impressions when a
load of 20 N was applied. All the other samples were tested
with a load of 10 N. The results for all GCs range from 6.8 to
7.7 GPa, similar to the values measured for ZAS A, ZAS B, and
ZAS C GCs. In general, samples nucleated for longer times
showed higher hardness (Table S2), and the same trend was
observed for samples heat-treated at both the first and second
crystallization peaks.

The average crystallite diameter of the GCs from ZAS Z
(Table S3) was estimated using Scherrer equation eq 2, and
the same correction regarding the instrumental broadening
contribution applied for compositions ZAS A, B, and C
(Section 2.3) was considered in this case. As expected, the
transparency of the samples increases as the crystallite size
decreases (Table S3) because of the longer nucleation time.
The opaque samples (three first rows of Table S2) have an
average crystallite size of 32 nm, whereas the samples showing
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a higher degree of translucency/transparency (last two rows of
Table S3) have an average crystallite size of 17 nm, a value
close to those estimated for the transparent samples of
compositions ZAS A, ZAS B, and ZAS C (Figure 6).

In summary, these results indicate that the total replacement
of TiO, by ZrO,, using a content of 3 mol % of ZrO, instead of
4.5 mol %, does not enhance either the transmittance or the
mechanical performance of transparent ZAS GCs. Additionally,
increasing the ZrO, content (>4.5 mol %) may be detrimental
to the melting and homogenization processes of the parent
glass.

B ASSOCIATED CONTENT
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