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Structural Investigations of Titanium
Metaphosphate Glasses by Ambient and
High-Temperature X-Ray Diffraction Techniques
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Summary: This paper presents the structural characterization of melt-quenched
titanium metaphosphate glasses having compositions of 0.5P,0,~0.4Ca0-(0.1-x)
Na,O0-xTiO, (x=0.00-0.07mol fraction) by means of x-ray diffraction (XRD)
techniques employed under both ambient and high-temperature conditions.
Ambient XRD spectra of powdered glass samples revealed the amorphous nature of
the glasses, while ambient XRD software analysis of crystallised glass powders
provided information regarding the phase transitions in the glass compositions with
an increase in the TiO, content. High-temperature XRD (HT-XRD) contour plots
showed good agreement with the results of both ambient XRD and differential
thermal analysis, thereby demonstrating the correspondence between three distinct
sets of experimental data and allowing us to correlate thermal events with the
crystalline phases formed. Thus, the overall results offer interesting clues into the
structure of these titanium metaphosphate glasses, which have emerged as major
candidates in the biomedical field for use as substrates in the regeneration of hard
and soft tissues.
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Introduction

Titanium phosphate glasses, and phosphate
glasses in general, have attracted consider-
able interest in recent years for biomedical
applications involving bone tissue regener-
ation." The reasons for the suitability
of these glasses are two-fold: on the one
hand, the chemistry of these glasses allows
for the glass degradation rate to be precisely
controlled through changes in the glass
composition, and on the other hand, these
glasses have been demonstrated to provide
a stable surface for the migration, attach-
ment and proliferation of bone cells, with
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the ions released from the glasses being
considered to play a significant role in
eliciting a favourable response under
both in vitro and in vivo conditions.[412]
P,05-Na,0-CaO-TiO, titanium phos-
phate glasses are essentially inorganic
polymer systems where P,Os serves as
the network former, Na,O and CaO
function as modifying oxides and TiO, is
an intermediate oxide; in fact, it is possible
for pure P,O5 glasses to be prepared, but
the highly hygroscopic nature of P,Os
precludes the use of these glasses in
applications, and thus the remaining oxides
are added to reduce the glass dissolution
rate.)

From a materials science perspective,
titanium phosphate glasses are of interest
because the glass structure is closely
interlinked to its properties; for instance,
wide variations in dissolution rates can be
achieved by subtle variations in glass
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chemistry, either by changing the composi-
tion of the constituent oxides or by
incorporating additional metal oxides such
as ZnO or SrO.7813-15]1 T some extent,
ongoing research in these glass systems is
being driven by developments in the
available  characterisation techniques,
which allows us to obtain information at
various size scales from the macroscopic
level down to the atomic level. Thus, glass
bulk properties such glass density and
surface free energy can be investigated
using relatively simple techniques and
equipment and at the same time informa-
tion about the local environments and
connectivities of constituent atoms such as
P and Ti can be obtained by highly
specialised techniques such as *'P magic
angle spinning nuclear magnetic resonance
(*'P MAS-NMR) and Ti k-edge X-ray near
edge structure (XANES).['®! In this study,
we focus on one such technique, namely
X-ray diffraction (XRD), to study the glass
structure at the phase level. XRD experi-
ments have been carried out under both
ambient and high-temperature conditions,
and the data from these experiments have
been compared with information from
differential thermal analysis (DTA) in
order to investigate the correlations be-
tween these different techniques.

Materials and Methods

Glass Manufacture

Glasses with compositions listed in Table 1
were prepared according to previously
described methods.”"'! The following pre-
cursors (all with purities of >98% and

Table 1.
Glass compositions and codes used.

obtained from VWR-BDH, Poole, UK)
were used without further purification:
phosphorus pentoxide (P,Os), calcium
carbonate (CaCOs;), sodium dihydrogen
orthophosphate (NaH,PO,) and titanium
oxide (TiO,). A total of 5 compositions
were prepared (Table 1). Stoichiometric
amounts of precursors were weighed and
then mixed in a Seward Stomacher®400
Circulator (Wolf Laboratories, York, UK)
at 200rpm for 1min. Because P,Os is
highly hygroscopic, care was taken to
weigh the P,0Os precursor separately
and add it quickly to the already mixed
CaCOj;, NaH,PO, and TiO, precursors,
followed by further mixing for 1 min. The
precursor mix was then poured into a Pt/
10% Rh type 71040 crucible (Johnson
Matthey, Royston, UK) and the crucible
was placed in a Carbolite RHF 1500 furnace
(Carbolite, Sheffield, UK) preheated at
700°C. The precursors were first heated
at 700°C for 30min to remove H,O and
CO; and then melted at the temperatures
and times listed in Table 1. After melting
for the required period, the glasses were
rapidly quenched by pouring on to a steel
plate at room temperature and then
allowed to cool overnight. Glass powders
for the below experiments were obtained
by crushing glass fragments using a
Retsch MM301 milling machine (Retsch,
Germany).

Differential Thermal Analysis

DTA studies were performed on glass
powders using a Setaram Differential
Thermal Analyser (Setaram, France).
Approximately 60mg of glass powder
was placed in a 10-pl platinum crucible

Glass code Glass composition (mol%) Melting temperature/time (°C/h)
P,Os Cao Na,O Tio,

Tio 50 40 10 - 1100/1

Til 50 40 9 1 1300/3

Ti3 50 40 7 3 1300/3

Ti5 50 40 5 5 1300/3

Ti7 50 40 3 7 1400/5
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which was then placed in the analyser.
DTA experiments were carried out by
heating the sample from room tempera-
ture to 1000°C at a heating rate of 20°C.
min~! using air as the purge gas; an
empty platinum crucible was used as a
reference.

Ambient X-Ray Diffraction

Ambient XRD studies on the glasses were
performed using powder forms of both
the original glass samples and crystallised
glass samples. For the crystallised samples,
crystallisation of the glass was carried
out by heating the glass powder in a
Lenton furnace (Lenton, Hope Valley,
UK) at a ramp heating rate of 7°C.min"! to
approximately 8-10°C above the crystalli-
zation temperature obtained from DTA,
followed by crystallisation at the same
temperature for 3h; overnight cooling
to ambient temperature at the same rate;
and crushing of the crystallised glass
samples to powder. The XRD analysis
was carried out using a Briikker DS
Advance Diffractometer (Briiker, Coven-
try, UK) in flat plane geometry with Ni-
filtered Cu Ko radiation and a LynxEye
detector (Briiker, Coventry, UK). Data
was collected from 26 = 10° to 100° at a step
size and count time of 0.02° and 0.1s,
respectively. For phase identification, the
Crystallographica Search-Match software
(Oxford Cryosystems, Oxford, UK) was
utilized.

High-Temperature X-Ray Diffraction

The same Briiker D8 Advance Diffractom-
eter as that used for normal XRD studies
was used for high temperature XRD (HT-
XRD) studies as well. In addition to the
above mentioned LynxEye detector, an
Anton Paar HTK 1600 heated stage (Anton
Paar, Austria) fitted with a Pt electrode was
used for the HT-XRD experiments. The
HT-XRD data were collected at 26 values in
the range 20-40° for a step size and
counting time of 0.02° and 0.1s per point,
respectively. As in the normal XRD experi-
ments, the radiation used was Ni-filtered Cu
Ka radiation at a voltage of 35kV and
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current of 45mA. The temperature range
applied for data collection was 30-1100°C
at a heating rate of 21°C.min"", and helium
was used as the purge gas.

Results and Discussion

Ambient X-Ray Diffraction

The XRD patterns for the original glass
samples are shown in Figure 1. All the XRD
patterns were free from any detectable
crystalline phases and broad peaks were
observed at 20 values of around 20-40°.
This result was as expected and it indicated
that all the prepared glasses were amor-
phous in nature, thereby demonstrating the
success of the glass preparation process.

The X-ray diffraction patterns of the
crystallised glass samples revealed that as
the TiO, content of the glasses increased,
the intensities of groups of peaks related
to specific phases underwent changes
as indicated by the dotted lines 1-5 in
Figure 2. Analysis using Crystallographica
software showed that the Ti0 and Til
glasses comprised sodium calcium phos-
phate [NaCa(POs);; ICDD no.: 23-669] as
the main phase with calcium phosphate
[CaP,0Og; ICDD no.: 11-39] as the second-
ary phase. However, at higher TiO, con-
tents, the main phase experienced a
transition from NaCa(POs); to CaP,Og.
This is to be expected because the Na,O
content of the glasses decreases from 10 mol
% to 3 mol% as TiO; is incorporated into
the glass at the expense of Na,O while the
P,Os5 and CaO contents remain constant.
At a TiO; content of 3 mol%, the main and
secondary phases were CaP,Og and NaCa(-
POs);, respectively. However, at TiO,
contents of 5 mol% and higher, a metallic
titanium phosphate [TiP,O7; ICDD no.: 34—
1468] phase was observed as the secondary
phase.

The transition between the phases as
evidenced by software analysis helps to
explain the variation in the intensities of
certain peaks. For example, the peaks
denoted by dotted lines 1 and 2 in Figure 2
occur at 26 values values of approximately
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Figure 1.
X-ray diffraction spectra of as-prepared samples of the investigated titanium phosphate glasses.

13.4° and 18.6° respectively. From the ty of this peak from Ti0 to Ti7 was
software analysis, it was shown that these consistent with the disappearance of
peaks corresponded to the spectra for NaCa(POs;); as the main phase in the glass.
NaCa(PO3);. Thus, the decrease in intensi- ~ Similarly, the peak corresponding to dotted

Normalized intensity
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Figure 2.
X-ray diffraction spectra of crystallised samples of the investigated titanium phosphate glasses.
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line 3 at approximately 22.5° was found to
belong to CaP,O¢, and the increased
intensity of this peak from Ti0 to Ti7
helped to explain the emergence of CaP,0Oq
as the dominant phase in the glass. Further
variations in different peaks could be
similarly interpreted (e.g. the peaks be-
tween dotted lines 4 and 5) but it was
difficult to assign these peaks to specific
phases.

It is worth noting that the trends in
the XRD results obtained for titanium
metaphosphate glasses containing 50 mol
% P,Os are broadly similar to those
obtained for titanium ultraphosphate
glasses containing 55 mol% P,Os!'”! and
polyphosphate glasses containing 45 mol %
P,05.1""!

High-Temperature X-Ray Diffraction

Figure 3 shows combination plots for Ti0
and Til glasses where the DTA trace,
ambient XRD spectrum and contour XRD
plot have been included in the same graph
(the HT-XRD contours at 29° and 39° and
shifting towards lower 26 values can be
attributed to the underlying platinum
electrode; fluctuations in these contours
are dependent on the thickness of the glass
specimen on top of the electrode).

The plots reveal close correlations
between three distinct sets of experimental
data, namely DTA, XRD and HT-XRD.
To illustrate using the Ti0 plot (Figure 3
(a)), the crystallisation peak in the DTA
trace occurred at 593°C, which corre-
sponded to a series of events at 20 values
of 20.5°, 23.2°, 25.5°, 27.3°, 27.9°, 29.1°,
29.3° and 34.4°. Analysis of the ambient
XRD spectrum obtained for the sample
crystallised at a temperature of 600°C
revealed that NaCa(POs;); is formed at
approximately the same 26 values. Thus,
we could reasonably demonstrate that the
crystallisation peak at 593°C corresponds
to the formation of NaCa(PO;); as the
dominant phase in the glass. Using
the same approach for the Til glass
(Figure 3(b)), it could be determined that
the first and second crystallisation peaks,
which significantly overlap with each other,

© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

correspond to calcium phosphate [CaP,Og;
ICDD no.: 11-39] and sodium calcium
phosphate [NaCa(POs3);; ICDD no.: 23—
669]. Similar results were obtained for the
Ti3-7 glasses (graphs not shown), although
it should be noted that an increase in the
TiO, content resulted in HT-XRD plots
with events occurring at higher temper-
atures; also, fewer such events were
recorded in the HT-XRD spectra and the
correspondence between the sets of data
was not as strong. HT-XRD data have not
been obtained previously for 45 mol% and
55 mol% P,0s glasses; however, a similar
analysis was carried out previously for five-
component P,Os— CaO- Na,O-TiO,-SrO
glasses!" and a similar relationship be-
tween the DTA, XRD and HT-XRD
data was observed. Thus, from an overall
perspective, the correlations between
these different sets of data points to the
strong structure-property relationships
that exist in these glasses.

Conclusion

Titanium metaphosphate glasses having
compositions of 0.5P,05-0.4CaO—(0.1-x)
Na,O-xTiO, (x=0.00-0.07 mol fraction)
were prepared by the melt-quench
method and their structure at the phase
level was analysed by means of ambient
x-ray diffraction (XRD) and high-
temperature XRD (HT-XRD) techniques.
Ambient XRD spectra of powdered sam-
ples of the as-prepared glass revealed
their amorphous nature. Crystallised glass
powders were found to contain phases such
as [NaCa(POj);; ICDD no.: 23-669],
calcium phosphate [CaP,Og4; ICDD no.:
11-39] and titanium phosphate [TiP,O7;
ICDD no.: 34-1468] and an increase in
TiO, content was associated with certain
predictable phase transitions in the glass.
High-temperature XRD (HT-XRD) con-
tour plots were in good correspondence
with the results of both ambient XRD
and differential thermal analysis (DTA),
thereby demonstrating how three distinct
sets of experimental data can be used
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Figure 3.
Combination plot for (a) Tio glass and (b) Ti1 glass where (i) contour HT-XRD plot, (ii) DTA trace and (i) ambient
XRD spectrum and are included in the same graph.

together to gain a deeper understanding soft tissue regeneration with encouraging
of the glass structure. Thus, the overall results.

results are of interest from the viewpoint
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