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Introduction

The development of new materials added to the
interest of their properties under extreme conditions
is some of the reasons that promote the investigation
in the area of high-pressure (HP) research. The
addition of a doping element to a material can change
the behavior of the structural and elastic properties
under compression as well as modifying the transi-
tion pressure and structural sequence. Such phe-
nomena have been observed, for instance, in Fe-
doped SnO, nanoparticles [1]. Another of the goals of
HP research is to produce ultra-hard and ultra-in-
compressible materials [2], for example cubic boron
nitride. In particular, theoretical studies have pre-
dicted that zircon-type TiSiO4 [3-5] could be an ultra-
hard material with a bulk modulus larger than in
ZrSiOy. This converts TiSiO,4 in a good candidate for
many technological applications. However, to the
best of knowledge, up to date, nobody has succeeded
in synthesizing crystalline TiSiO, and therefore the
theoretical prediction has not been confirmed.

Due to the fact that it has not been yet possible to
synthesize crystalline TiSiO,, an alternative approach
to experimentally explore the foreseen incompress-
ibility of this silicate is to study the mechanical
properties of Ti-doped zircon-type ZrSiO,. This will
allow to infer if the substitution of Zr for Ti increases
the incompressibility of the material. Following this
reasoning, in this work we prepared by the first time
Ti-doped ZrSiO4(Zrg 95T 055i04) by the partial sub-
stitution of Zr by Ti in a ZrSiO(zircon) sol-gel
chemical route. The preparation of such compound
has an additional interest because titanium-rich sili-
cates have received attention due to their high
activity as photocatalytic materials and their optical
properties [6]. In addition, theoretical studies have
suggested that doping zircon with Ti reduces the
electronic band gap, making it more useful as a
phosphor material [7]. On the other hand, Ti-doped
zircon-type oxides are found in Earth mantle-sourced
kimberlites, being thus the knowledge of their com-
pressibility of relevance for studying the astheno-
sphere and subcontinental lithospheric mantle [8].

The compressibility of zircon-type ZrSiO, has been
widely studied [9-14]. It is known that this silicate
undergoes a phase transition to the scheelite-type
structure at ~ 19.7 GPa [14]. The HP polymorphs is
known as reidite. Zircon-type USiO,, HfSiO4 and
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ThGeO,4 undergo the same phase transition at 17.0,
19.6 and 12.3 GPa, respectively [11, 15, 16]. In addi-
tion, all the zircon-type oxides are known to have a
similar bulk modulus, determined mainly by com-
pressibility of the Zr-O (or equivalent) bonds [15].
However, compressibility can be affected by the
incorporation of impurities as proposed based upon
studies on synthetic and natural ZrSiO, [14]. Never-
theless, until now there are no systematic studies on
the influence of the incorporation of impurities on the
compressibility of ZrSiO,. The present study of
Zr 0511005510, will contribute to understand the
influence of impurities in the mechanical properties
and structural stability of ZrSiO,. In order to do it, we
have analyzed the results of X-ray diffraction (XRD)
data taken in situ under high-pressure conditions on
71095 i 055104. The measurements were carried out
in the X-ray diffraction and spectroscopy beamline
(better known by its acronym: XDS) at Laboratorio
Nacional de Luz Sincrotron (LNLS), Campinas, Bra-
zil. The volumetric and axial compressibility were
determined from the experiments. In addition, a
detailed characterization of the ambient-pressure
properties of Zr(g5Ti 055104 is also reported.

Experimental

Zr0.95Ti0,055104 was synthesized via a sol-gel route
based on the procedure described by Veytizou et al.
[17, 18]. The sample was prepared using starting
high-purity precursors (Alfa Aesar): tetraethoxysi-
lane (TEOS), titanium(IV) isopropoxide (TIP) and
hydrated zirconyl nitrate. In a typical procedure,
hydrated zirconyl nitrate was dissolved in ultra-pure
water and TEOS was added in a stoichiometric ratio
with mixing speed around 300 rpm. On the other
hand, TIP was dissolved in ultra-pure water inside a
nitrogen-filled glove box (oxygen and moisture con-
centrations < 4 ppm), and then it was added to the
first solution. When the precursor solution became
clear, it was treated under reflux at 100 °C for 24 h.
Subsequently, this solution was added to a dilute
aqueous ammonia solution (& 1 vol%) with a stir-
ring speed around 200 rpm. A colloidal precipitate
was immediately formed which was filtered and
washed several times with ultra-pure water to obtain
pH ~ 7. This precipitate was dried overnight at
100 °C in a muffle and subsequently was grinded
with an agate mortar. The precursor powder was



J Mater Sci (2018) 53:8817-8825

thermally treated at 1500 °C during 6 h in air atmo-
sphere (heating/cooling ramps of 5 °C/min). Finally,
for comparative purpose, un-doped ZrSiO4 was also
synthesized by the same procedure (without Ti
addition).

The obtained powders were characterized by
X-Ray diffraction (XRD), scanning-electron micro-
scopy (SEM), energy-dispersive X-ray spectroscopy
(EDS), Raman spectroscopy and high-pressure XRD
(HP-XRD) at room temperature. Ambient-pressure
XRD was carried out with a Rigaku D/max diffrac-
tometer equipped with a vertical goniometer, using a
Bragg-Brentano geometry (020 coupled arms) and
Cu-Ko radiation in the 20° < 20 < 80° range, mea-
suring at every 0.03° step and sweeping with a 1° per
minute velocity. The SEM micrographs were taken
using a FEI QUANTA 200 microscope, equipped
with an X-ray spectrometer for EDS measurements.
The Raman signal of the powder samples was
recorded using a NRS-4100 micro-spectrometer
(JASCO) with a focal length of 200 mm, equipped
with a 900 I/mm grating and an edge filter. The
excitation beam was provided by a green (Nd:YAG)
laser at 532.34 nm. The laser power was 20 mW (re-
sulting in ~ 8.1 mW at sample). The laser was ver-
tically polarized and coupled on a microscope system
to focus the laser on the sample using a 20X achromat
objective (RMS20X—Olympus) collecting the Raman
signal in the backscattering configuration. The laser
spot size was of about 1.6 pm in diameter and the slit
aperture was 100 pm. The scanning range of interest
in wave numbers is 100-1200 cm™'. A silicon stan-
dard was used for the calibration of the Raman sys-
tem. The acquisition time (5s) and the number of
accumulations (10) were chosen to provide a satis-
factory spectrum and to optimize the noise-to-signal
ratio. The spectral resolution was better than 1 cm™".

HP powder XRD experiments were performed at
the XDS beamline of LNLS, Campinas, Brazil. Pres-
sure was applied by means of a membrane diamond-
anvil cell (DAC), with a gasket pre-indented to a
thickness of 60 um. The DAC was equipped with
diamond-anvils with a culet diameter of 300 pm. The
diameter of the pressure chamber drilled into the
gasket was 100 um. The applied pressure was deter-
mined by the ruby fluorescence method with an
accuracy of 0.1 GPa [19]. A 4:1 methanol-ethanol
mixture, which remains quasi-hydrostatic up to
10.5 GPa, was used as pressure-transmitting medium
(PTM) [20]. Special caution was taking during sample
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loading into the DAC to avoid sample bridging under
compression [21, 22]. The experiments were per-
formed in the angle-dispersive configuration with a
monochromatic beam with 110 pm width and a
wavelength of 0.6199 A. The images were collected
using a charge-coupled device detector (Rayonix
165). The structural analysis was performed using
MAUD [23].

Results
SEM and EDS

EDS analysis was employed to confirm the chemical
composition and purity of the prepared Ti-doped
ZxSiO4 sample. The composition found was 0.8 at.%
Ti, 15.8 at.% Zr, 16.6 at.% Si and 66.6 at.% O. These
results are in an excellent agreement with the nomi-
nal composition of the sample. The presence of
impurities was not detectable within the accuracy of
the instrument. Figure 1 shows the morphology and
size of the synthesized material. As clearly evidenced
from the electron micrographs, the raw powder has a
uniform morphology, being mainly constituted of
micron-size quasi-spherical particles. Most of them
have a diameter smaller than 5 pm. There are also
smaller particles, which appear as bright white par-
ticles in the micrograph. Their analysis indicates that
they also belong to the same material (Ti-doped
ZrSiOy). Because of our study was oriented to analyze

Figure 1 SEM micrograph showing morphology of the Zrjos.
Tig.05S104 powder.
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the properties and the behavior of Ti-doped ZrSiO4
under pressure, the powder product can be consid-
ered as appropriated. A more detailed discussion of
the sample morphology is not relevant for our
purposes.

Ambient-pressure X-ray diffraction

Figure 2 shows an ambient-pressure powder XRD
pattern of Zrgo5Tip 055104 with the corresponding
Rietveld refinement. We assumed the atomic posi-
tions reported for ZrSiO4 [12] (considering that Ti
substitutes Zr) and followed the procedure described
in Ref. [24]. The Bragg peaks in the XRD pattern
belongs mainly to a zircon-type tetragonal structure
(space group I4;/amd) with lattice parameters
a = 6.5982(2) A and c = 5.9810(2) A. A small amount
of tetragonal t-ZrO, (space group P4,/nmc) was also
detected. The proportion of the phases present in the
sample can be estimated from the relative intensity of
the main peaks of t-ZrO, and ZrSiO, that do not
overlap [25]. The concentration of t-ZrO; is less than
4%. Consequently, the Ti composition in Zrge5Tip.05-
5104 can be slightly overestimated due to ZrO, seg-
regation. However, the composition change is small
and stays within the accuracy of the EDS system.
Such small change will not affect the structural
properties of the material. No peaks corresponding to
any of the phases of TiO, were found [26]. The same

Intensity (arb. units)

10 20 30 40 50 60 70
20 (degrees)

Figure 2 Experimental XRD pattern (dots) and Rietveld refine-
ment (solid line) at ambient pressure. The trace at the bottom
shows the residuals. The star marks the position of the main
diffraction peak of t-ZrO,.
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can be stated for the different phases known for S5iO,
[27]. The R-values of the Rietveld refinement are R,,
(%) = 10.6, Ry, (%) = 8.2 and Reyp (%) = 5.1; while
7> = 2.127. In Fig. 3a, schematic view of the tetrago-
nal zircon structure of ZrSiO, is shown. The zirco-
nium (titanium) atoms are eight coordinated by
oxygen atoms. Silicon is coordinated by four oxygen
atoms forming a regular tetrahedron.

We would like to mention here some facts related
with the likely incorporation of Ti into ZrSiO,. On the
one hand, the introduction of the Ti*" ion, into the
sol-gel preparation method, favors the formation of a
compound with the zircon-type structure, preventing
the formation of the cristobalite and monoclinic
polymorphs of ZrO, [28]. Previously, the same phe-
nomenon was reported for the introduction of Fe into
the preparation of ZrSiO, via the sol-gel method [29].
This is because the metal dopant plays the role of
initiator of the zircon-type oxides, favoring the
nucleation of the zircon-type structure within the
zirconia lattice [30]. On the other hand, when com-
paring the lattice parameters of the zircon-type phase
of ZryosTip 055104 with the zircon-type phase syn-
thesized by the same procedure but without titanium
addition, we found that the lattice parameter a is
0.03% shorter in the Ti-doped sample. On the other
hand, the lattice parameter ¢ is 0.03% longer for
Zr0.05Tio 055104 [for pure ZrSiO,: a = 6.6004(1) A and
¢ = 5.9829(1) Al. The difference in the lattice param-
eters among un-doped ZrSiO4 and Ti-doped ZrSiO,
is larger than the error of the measurements, then
unambiguously, the incorporation of Ti modifies the
crystalline structure. The unit-cell volume of the un-
doped sample is larger than that of the Ti-doped

Figure 3 Schematic view of the tetragonal zircon. The SiO,4
(blue) and ZrOg (green) polyhedrons are displayed. Ti atoms
substitute for Zr atoms.
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sample. This is reasonable, given the fact that ionic
radius of Ti*" is smaller than that of Zr*".

Raman Spectroscopy

The Raman spectra of Zr 95Ti 055104 and ZrSiO; (the
latter prepared in the same way than Zrg ¢5Ti 055104)
are given in Fig. 4 where the positions of the main
peaks are marked. This Raman study was performed
with the aim to elucidate how the Ti impurities affect
the Raman modes and to compare with previous
Raman studies of amorphous TiSiO4. The spectra
reveal the known representative peaks from the zir-
con structure, the most intensive one near 1000 cm ™!
[14]. The frequencies of the Raman-active modes are
summarized in Table 1 and compared with the lit-
erature [31]. The mode frequencies reported in the
mentioned table were obtained by fitting the peaks
with Lorentzian functions. The agreement with the
literature is good for un-doped ZrSiO,. For assigning
the modes, we assumed the mode assignation pre-
viously reported [29]. Since Zrgo5Tip 055104 and
ZrSiO4 have similar Raman spectra (because they
share the same crystal structure), the same mode
assignation is assumed for both compounds. Notice
that according to group theory, twelve Raman modes
(' = 2A45 + 4By + Byg + 5E;) are expected in the
zircon structure [32]. However, usually only eight
modes are measured in ZrSiO, [31].

In the Raman spectrum of a zircon-type oxide, the
high-frequency region (>900 cm™') corresponds to
internal stretching vibrations of the SiO, tetrahedron

ZrSio4
Tiy 527465510,

Intensity (arb. units)
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EgB1g Eg Alg Eg Big A1g B1g
1 1 1 1
200 400 600 800 1000 1200
Raman shift (cm™)

Figure 4 Raman spectra of Zry 95Tio.055104 (red line) and ZrSiO4
(black line) at ambient pressure. Ticks represent the position of
Raman modes for zircon-type ZrSiO,4 [31]. The mode assignment
is shown.
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Table 1 Comparison of the Raman modes of zircon-type ZrSiO4
and Tig 9521 955104 synthesized by the sol-gel method with the
literature [31]

Mode ZrSiO4 [31] ZrSi04 Ti.05Z19.955104
E, 202.5(5) 203(1) 188(1)

By, 215.5(5) 223(1) 213(1)

E, 357.5(5) 366(1) 361(1)

Al 439.5(5) 446(1) 441(1)

E, 547.0(5) 562(1) 555(2)

By, 641.5(5) 642(1) 642(1)

Al 975.5(5) 976(1) 967(1)

By, 1009.0(5) 1018(1) 1015(1)

[33]. The intermediate-frequency region

(540-650 cm ™) involves bending modes of the SiOy
tetrahedron [33] and the low-frequency modes are
either external pure translations or rotations of the
5104 molecule [33]. Therefore, it is not surprising the
similitude between the Raman spectra of Zrg 95Tig os-
5104 and ZrSiO,s. The only difference (as seen in
Table 1, the modes shift about 10 cm™?) is the small
decrease (less than 3%) in the frequencies of all
modes in Zrg 95Tip 055i04. Therefore, the doping with
titanium only promotes changes in the phonon fre-
quencies, which is an indication that Ti has been
incorporated into the structure of the doped sample
substituting Zr [34]. However, Ti doping does not
induce a breaking of symmetry selection rules. This
should cause qualitative changes in the Raman
spectrum [34], which are not the present case. The
observed decrease in the Raman frequencies can be
caused by weakening of the restoring forces as a
consequence of subtle distortions of the coordination
polyhedra [35]. A confirmation of this hypothesis
requires further studies which are beyond the scope
of this work; however, we think this is an indication
that Ti has been incorporated into the structure of the
doped sample substituting Zr.

Earlier reports observed the appearance of two
peaks in the Raman spectrum when a low concen-
tration of titanium is incorporated into silica glasses
[3]. These modes were assigned to the presence of
tetrahedrally coordinated titanium. Other authors
attributed that tetrahedral Ti has its highest vibra-
tional mode at 700-800 cm™' [4]. In more recent
works, a consensus is reached that the formation of
Ti-O-5i linkages is related to the appearance of a
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peak in both Raman and infrared spectra at
910-960 cm ™' [6]. No evidence of these modes was
detected in our Ti-doped sample, being all the
observed peaks consistent with a zircon-type struc-
ture. This fact could be interpreted as a confirmation
that the 5% of Ti*" (added during the synthesis) is
incorporated into the tetragonal zircon structure of
our Zry o5 i 055104 sample, taking Ti probably the Zr
position in which it is coordinated by eight oxygen
atoms.

Hp-XRD

In Fig. 5, we show the XRD patterns of the Zrgos.
Ti 055104 collected at different pressures. The main
peaks of the tetragonal low-pressure phase of zircon
(hkl = 101; 200; 211; 112) are marked at the bottom of
the figure with ticks, and dashed vertical lines are
plotted up to guide the eye into the pressure-induced
movement to higher 20 positions of the (101) and
(200) peaks.

In the XRD experiments, due to the angular open-
ing of the DAC and the wavelength used, four peaks
of the zircon structure were detected. We selected
two non-equivalent peaks (the most intense) to
determine the unit-cell parameters; the (200) peak
was used to determine one lattice parameter (2) and
then, assuming this value, the (101) peak was used to
determine the other lattice parameter (c) [36]. No
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Figure 5 HP-XRD patterns of Zr( 95Ty 055104 at selected pres-
sures. Bragg peaks of the zircon structure are identified with ticks.
Dashed lines facilitate the identification of the shift of (101) and
(200) peaks.
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evidence of any peaks corresponding to the high- or
low-pressure phases of ZrTiO4 was observed within
the accuracy of this method. The main peak [identi-
fied as (111)] of the low-pressure phase of ZrTiO,
should have been seen at 20 ~ 12° [37], but no
indication of the presence of it could be observed in
our experiments. On the other hand, no evidence of
the transition to the scheelite-type [14] or monazite
structure [38] is found in our experiments up to
21.1 GPa. Only beyond this pressure, the onset of the
transition to a scheelite-type polymorph (known as
reidite also) is found. In Fig. 6, we show the diffrac-
tion pattern taken at 31 GPa where the fingerprints of
peaks of the scheelite-type (space group 14;/a) phase
of ZrSiO, [14] are noticed (see the arrows in the fig-
ure). In the pattern, the low-pressure (zircon) and
high-pressure (scheelite) phases coexist. A determi-
nation of unit-cell volume of the low- and high-
pressure phases at 31 GPa indicates a volume col-
lapse of 10% associated to the phase transition. The
present transition pressure (31 GPa) is larger than
that of synthetic pure ZrSiO4(19.7 GPa) and that of
the natural zircon mineral, which has rare-earth
impurities in a low concentration < 1% and has an
intermediate transition pressure of 23 GPa [14]. Thus,
our and previous results support that the doping of
ZrSiO4 enhances the structural stability, being the
transition pressure higher for larger impurities
concentration.

S
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L = T
g &
£ 8
_ \ 5
B S T ¢ H
< e 2
— c 3 [53
2L g {l .
z N g 1
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g i tt A
s /\
> 3
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[0} 3
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7 8 9 10 11 12 13 14
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Figure 6 HP-XRD pattern of Zrg 95Tig 05Si04 at 31 GPa. Arrows
indicate the position of the Bragg peaks of the HP scheelite-type
phase.
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We will concentrate now on the compressibility of
Zro95Tip 055104. Since non-hydrostatic effects are
known to influence the compressibility of zircon-type
oxides [36], we will limit the analysis to the pressure
range where the PTM can be considered as quasi-
hydrostatic. In Fig. 7, we present the pressure
dependence of the unit-cell parameters, which can be
described by a linear function. The obtained linear
compressibilities of Zrgg5Tip 055104 (which corre-
spond to the red lines shown in the figure) are
summarized in Table 2. The linear compressibilities
of the a and ¢ axes (K, and K. respectively) are
smaller than those reported for pure ZrSiO, [12]. The
fact that K,/K. is found to be 1.71 [12] for the pure
sample, and 1.78 for the doped one (this work),
suggests that, in the analyzed pressure range, the Ti
incorporation into the zircon structure could have
increased the crystal anisotropy during compression
of Zry.95Tig,055104.

We will finally discuss the pressure dependence of
the unit-cell volume. The results for the quasi-hy-
drostatic regime are represented in Fig. 8. We found

660 ¢ .

6.57 - e

6.54

6.51

A}

597 I ..

Unit-cell parameters (A)
\

5.94 - e

5.91

. : : —— -
0 1 2 3 4 5 6 7 8 9 10
Pressure (GPa)

Figure 7 Pressure dependence of the unit-cell parameters of
Z19.95Tig 055104 in the quasi-hydrostatic regime. Dots are the
experimental data (included the ambient-pressure measurement),
and the red lines represent the linear fits.

Table 2 Linear compressibilities of K, and K, for Zr( ¢5Tig (55104
and ZrSiOy4

Sample K, (1072 GPa™") K, (1072 GPa™)
Pure ZrSiOy [9] 1.68 0.98
Zro_gsTi0_055i04 1.23 0.69
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that these results can be properly described by a
third-order Birch-Murnaghan (BM3) equation of
state (EoS) [39]. The fit is shown in the figure with a
red line. From it, we determined for Zrg95Tig 055104
its  bulk modulus at ambient pressure
By =297(5) GPa and its pressure derivative
By = 2.8(6), as well as the ambient-pressure volume
Vo = 260.4(7) A%. The bulk modulus is considerably
larger (about a 30%) than the one found for pure
ZrSiO4 [11, 14]. A comparison of the different By and
By can be seen in Table 3. The obtained results sug-
gest that the incorporation of Ti reduces the com-
pressibility of zircon. This conclusion is consistent
with the theoretical predictions of a large bulk mod-
ulus (274.4 GPa) for zircon-type TiSiOy [4, 5]. The one
found here for Zryo5Tip 055104 is even higher than
calculated values for TiSiO4, which makes Zrgos.
Tip 055104 a potential candidate for super-hard mate-
rial. The obtained large bulk modulus also rules out
the possible incorporation of Ti*' substituting Si
instead of Zr which will imply a decrease in the bulk

262

[ ]
260 +

258

256 u

Unit-cell volume (A%)

254 L]

252

T T T T T T T T T T T
0 2 4 6 8 10

Pressure (GPa)

Figure 8 Unit-cell volume (square dots) versus pressure for
Zr.95Ti 05sSi04 and third-order Birch—-Murnaghan EoS (solid
line).

Table 3 Bulk modulus and its pressure derivative of Zrgos.
Tig.05S104 compared with values previously reported for ZrSiO4
[11, 14]

Sample By (GPa) By’ (dimensionless)
Pure ZrSiOy4 [11] 225(15) 6.5(1.6)

Pure ZrSiOy4 [14] 201(8) 3.1
ZI'()_()sTio_OSSiO4 (thlS WOrk) 297(5) 28(6)
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modulus because Ti-O bonds are more compressible
than Si-O bonds [40]. Indeed, ZrTiO, is known to
have a bulk modulus of 147 GPa [34].

Conclusions

In this article, we have reported experimental evi-
dence that the incorporation of Ti into the crystal
structure of ZrSiO, induces a decrease in the com-
pressibility and enhances the structural stability
under compression. In particular, we have reported
by the first time the synthesis and characterization of
Zro95Tip 055104. The crystal structure (zircon-type)
and Raman-active modes have been determined. In
addition, we have studied the changes induced by
pressure in the crystal structure. We found that the
ambient-pressure phase remains stable below 31 GPa
and that the HP phase is consistent with a scheelite-
type structure. On the other hand, we studied the
volumetric and axial compressibility of Zrgo5Tig 05-
5i04 by means of high-pressure X-Ray diffraction
using synchrotron radiation. The pressure depen-
dence of the unit-cell volume has been analyzed
using a third-order Birch-Murnaghan equation of
state. The bulk modulus determined from the data
collected under quasi-hydrostatic = conditions
(P < 10.1 GPa) is 297 GPa, which is 30% greater than
the one reported in the literature for pure zircon. This
suggests that Zrg¢5Tip 055104 is a potential candidate
for ultra-hard material.
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