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Abstract. A combination of XRD, solid-state NMR and state-of-the-art imaging techniques
were used to investigate how the calcium orthophosphate/calcium silicate ratio affects the
crystallisation of bioactive glasses in the system SiO,-P,05-CaO-CaF.. In the phosphate-free
glass, xonotlite, wollastonite and cuspidine crystallised. From 2.4 mol% P20s, fluorapatite also
formed, while the amount of wollastonite decreased. Crystallisation tendency was low for low
phosphate contents, while above 3 mol% P-Os it increased. The phosphate-free glass showed
a volume crystallisation mechanism with constant activation energy. By contrast, the glass
with the largest phosphate to silicate ratio showed both volume and surface crystallisation,
causing a pronounced decrease in activation energy with crystallisation degree. This work
shows that by changing the phosphate/silicate ratio we can determine which crystal phases
form, obtaining for example fluorapatite-free or wollastonite-free glass-ceramics, depending
on the desired application and properties such as mechanical strength or activity in contact
with physiological solutions.
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1. Introduction

In the field of bioactive materials, glass and glass-ceramics play an important role owing to
their capacity to release ions, form an apatite surface layer chemically similar to bone mineral,
bond to bone and, ultimately, degrade in the body [1]. Their specific content of CaO, Na.O
and P2Os results in a glass highly degradable both in vitro and in vivo. However, due to their
highly disrupted silicate network, bioactive glasses crystallise easily during annealing or
sintering of scaffolds. Such uncontrolled crystallisation may negatively affect their use, as
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shown for Bioglass 45S5, where crystallisation impedes viscous flow sintering and drastically
lowers the mechanical properties of scaffolds [2], [3], [4].

Crystallisation may also influence ion release, apatite formation and, thus, bioactivity [5],
and in various glass systems it is possible to tune these properties via crystallisation [6], [7].
Here, crystal phases and residual glassy matrix need to be taken into account as both
influence glass-ceramic  properties. Immersed Dbioactive glass-ceramics show
hydroxycarbonate apatite (HCA) precipitation in vitro, but this is delayed compared to the
parent glasses [8]. Especially the crystallisation of silicate phases delays apatite layer
formation [9], [10], [11] but this is often accepted if the mechanical properties improve in
parallel, like in the case of wollastonite (CaSiOzs) crystallisation [12]. While this delay shows a
lower reactivity of the crystallised materials, it may not necessarily result in a lower in vivo
bioactivity of the glass-ceramic, e.g. apatite/wollastonite glass-ceramics which show slower
degradation in vivo compared to a bioactive glass but allow for improved bone ingrowth
compared to other commercially used materials such as hydroxyapatite (HAp) [12], [13].
Crystallisation can have additional advantages and may, for example, be a route for
preventing cytotoxicity when the release of ions is adjusted through controlled heat-treatment
and crystallisation [14], [15]. The type of crystal phases present also has an effect on
performance in physiological solutions, with e.g. apatite-like phases promoting apatite surface
layer precipitation during immersion [6], [16], [17], [18], [19], [20], [21], in contrast to silicate
phases. Crystallisation of apatite phases during heat treatment of bioactive glasses has been
reported to strongly depend on the phosphate content in the glass [22].

Changes in the composition and structure of the residual glassy matrix can also affect
reactions in contact with physiological solutions. If the crystal phases are enriched in modifier
ions or fluoride, the silicate network polymerisation (or network connectivity [1]) of the residual
glassy matrix increases and can be expected to be less reactive than the parent glass. By
contrast, if the network connectivity of the residual glassy matrix remains constant, reactivity
can be expected to remain constant, too. As phosphate in bioactive glasses is present as
orthophosphate, charge-balanced by modifiers [23], [24], crystallisation of orthophosphate
species will not affect the silicate network connectivity of the glassy matrix and, thus, is unlikely
to affect the reactivity of the glassy silicate matrix.

We hypothesise that it is possible to obtain apatite crystallisation in bioactive glass-
ceramics if sodium is replaced by calcium, and the calcium orthophosphate to calcium silicate
ratio in the glass is increased. Incorporation of fluoride into the system is necessary, too, as
hydroxyl groups are not available in a melt-derived system to allow for hydroxyapatite
crystallisation. Therefore, the present work aims to investigate the crystallisation mechanism
(e.g., volume or surface crystallisation) of glasses in the system SiO,-P,0s-CaO-CaF; and to
establish the relationship between phosphate/silicate ratio, thermal behaviour and glass-
ceramic microstructure such as crystal composition, crystalline fraction, and crystal size and
morphology. As the presence of apatite crystals within a bioactive glass matrix is known to
influence ion release and apatite precipitation during contact with physiological solutions, this
has been investigated in a separate study [25].

2. Experimental

2.1 Glass design and thermal analyses

Our aim was to vary the calcium orthophosphate to calcium silicate ratio in bioactive glasses,
starting from a phosphate-free composition. If P,Os is added to a bioactive glass without
adding stoichiometric amounts of modifier oxides to allow for charge-balancing of
PO.* groups, the network connectivity [1] (NC) of the silicate network increases, diminishing
the bioactivity at high phosphate content [26], [27]. For this reason, P,Os was added together
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with stoichiometric CaO (i.e. added as calcium orthophosphate), thereby maintaining silicate
network polymerisation and network connectivity at 2.11 (Table 1) while increasing the
phosphate/silicate ratio. Glasses here also contain fluoride (as calcium fluoride) to allow for
crystallisation of fluorapatite as an apatite crystal phase [28]. (Details on network connectivity
in this system are given in our previous publication [25].)

The glasses were melted in a platinum-rhodium crucible; 150 g batches prepared from
analytical grades of SiO2(99.0% Carl Roth, Germany), Ca(H2P04).-2H,O (Chemische Fabrik
Budenheim KG, Germany), CaF. (Chemiewerk Ninchritz, Germany) and CaCOs (= 99.0%
Merck, Germany). Raw materials were melted in air in an induction-heated furnace (in-house
construction) at temperatures of up to 1550°C and held at the maximum temperature for 20 to
30 minutes. Glasses PO to P3 were cast into a brass mould, surface-quenched with a copper
stamp and annealed at about 670°C for 2 hours. Glasses P4 and P5 had a pronounced
tendency to devitrify during cooling; therefore, these were quenched without subsequent
annealing. After melting, glasses looked clear with some small bubbles present. To obtain
powders, glasses were crushed with a metallic mortar, sieved (125 — 250 ym) and stored in a
desiccator until further use. Glasses were named according to their P.Os content (PO to P5;
Table 1), which varied between 0 and 5.1 mol%.

Glass transition (Tg4; determined as the inflection point), crystallisation peak (Tx onset of
the first exothermic peak; T¢ first crystallisation peak; T, second crystallisation peak
temperature) and melting temperature (Tn; determined as tangent line intersections of the
offset of the endothermic signal) were determined using differential scanning calorimetry
(DSC; STA 449 F1 Jupiter, Netzsch Geratebau, Germany). 30.0+0.3 mg powder (125-250 pum)
was analysed in platinum crucibles in an N2 atmosphere (flow rate 20 mL/min; purity 99.9%)
at heating rates of 5, 10, 15 or 20 K min™'. For comparison, a blank run was carried out by
measuring a sample-free empty crucible.

2.2 Glass-ceramic preparation

Glass-ceramics were prepared by heat treating the glass powders at their respective first
crystallisation peak temperature (Table 1) for 1 h in air (Nabertherm P330, Germany). The
samples were placed in the furnace once the required temperature was reached, kept for one
hour before being taken out and air quenched at room temperature. These glass-ceramic
samples were crushed and sieved again to 125-250 ym. Glass-ceramics were named
according to their P2Os content and their heat treatment temperature (T¢; Table 1).

Additionally, bulk samples of glass-ceramics P0-846, P2-870 (obtained at the maximum
temperature of a shoulder appearing at 870°C in the P2 DSC curve, interpreted as Tc1) and
P2-901 (obtained at the crystallisation peak at 901°C, interpreted as Tc2) were prepared from
the corresponding bulk glasses cut into 5 x 5 x 5 mm? pieces by heat treating as described for
the powders.

2.3 X-ray diffraction and infrared spectroscopy

Crystal phases were characterised by X-ray diffraction (XRD; Rigaku Miniflex 300; Cu Ka, 15
kV and 40 mA). Patterns were recorded with a scan range between 10 and 60°26, a 0.01°
step size and 1°/min scan speed. Full pattern analysis was carried out with MAUD software
version 2.93 and Crystallography Open Database (COD) phase identification cards of
cuspidine (#9014740), wollastonite (#9005777), xonotlite (#9009724) and fluorapatite
(#2104744).

Attenuated total reflectance Fourier-transformed infrared spectroscopy (ATR-FTIR with
diamond crystal, Cary 630, Agilent Technologies, USA) was used to examine the glass-
ceramic powders in absorbance mode. Spectra were collected between 4000 and 400 cm'”
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with a resolution of 4 cm™ and 16 scans per measurement. An initial background scan was
carried out before each set of samples.

2.4 Magic angle spinning nuclear magnetic resonance spectroscopy

3P and 'F magic angle spinning nuclear magnetic resonance (MAS NMR) was carried out
on a Bruker Avance NEO 600 spectrometer (Bruker, Germany) operating at 14.1 T magnetic
field, and data acquisition and processing was carried out using TopSpin software. A standard
double resonance Bruker probe with low fluorine background was used. Glass-ceramics
powders were packed into a 2.5 mm rotor and rotated at 12 kHz and 22 kHz for 3'P and "°F,
respectively, with 16 and 32 scans per analysis correspondingly. A single pulse sequence was
used for both nuclei with a recycle delay of 60 s and 30 s for 3'P and '°F. Referencing of the
9F chemical shift scale was performed using a secondary reference of 1 M aqueous solution
of NaF, which generated a sharp signal at -120 ppm relative to the primary reference of CFsCI.
[29] *'P spectra were referenced using the primary reference of 85% Hs;PO, solution.

2.5 Optical microscopy

In situ high temperature optical microscopy was carried out on polished samples of glass PO
(~12 mm? surface, 1.5 mm height) using a heated microscope stage (TS 1500, Linkam
Instruments Ltd., UK) connected to an AXIO Imager Z1m microscope (Zeiss, Germany). Video
imaging was processed using ZEN imaging software (Zeiss GmbH, Germany). The set-up
included a heating stage containing a cylindrical ceramic chamber where the sample was
placed on a 0.5 mm thick quartz disc and covered with a ceramic lid. The sample was heated
through the periphery of the chamber, and slightly through the top, all being connected to a
platinum heating element and a thermocouple. Glass PO was heated at 10 K/min to 846°C in
order to reproduce the conditions from glass-ceramic preparation (Section 2.2). Additionally,
optical microscopy images were collected before TEM characterisation for samples P0-846,
P2-870 and P2-901 bulk glass-ceramics using a Zeiss Axio Imager A1m microscope (Zeiss
GmbH, Germany). Both bulk and surface of the samples were investigated.

2.6 Microstructural characterisation by (scanning) transmission electron
microscopy

Bulk samples of P0-846, P2-870 and P2-901 were prepared for transmission electron
microscopy (TEM) by wedge-polishing (Allied High Tech MultiPrep, USA). To avoid sample
degradation, a water-free polishing approach was used, using propanediol as lubricant.
Samples were subjected to double-sided ion-beam milling using low-energy (2.5 keV) argon
ions under a small angle of incidence (6°) until grinding and polishing artefacts were removed
(precision ion-polishing system, PIPS+ I, Gatan Inc.). Electron-transparent areas of the
sample were selectively coated with carbon using a special coating mask prior to TEM
investigation to reduce charging effects resulting from interaction with the electron beam [30].

P0-846 and P2-901 bulk TEM samples were investigated in an FEI Titan 80-300 electron
microscope (Thermo Fisher Scientific Company) at 80 kV and 300 kV acceleration voltage.
High-angle annular dark field (HAADF) images were collected in scanning TEM (STEM) mode,
with camera length varying between 115 and 285 mm. STEM in combination with energy
dispersive X-ray spectroscopy (EDX) analysis in the FEI Titan microscope was performed by
means of a Super X-EDX detector (Thermo Fisher Scientific Company) consisting of four
silicon drift detectors, thus offering a maximum collection angle of 0.7 sr. Elemental mappings
of Si, P, Ca and F were obtained in order to gain information about elemental distribution with
high spatial resolution. This was achieved by mapping the lateral distribution of the intensity
of the X-Ray K lines of the respective elements. From EDX data, elemental quantification was
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performed using the software Esprit1.9 (Bruker Company) with a Cliff-Lorimer approach. The
percentage of oxygen was calculated as difference to 100%.

Additional STEM images of P2-870 were recorded using an FEl Tecnai G2 F20
microscope (Thermo Fisher Scientific Company) operating at 200 kV, with a camera length of
200 mm. Energy dispersive X-ray spectroscopy (EDX) area analyses of the K-lines of Si, P,
Ca and F were recorded in the same microscope. Elemental quantification was performed
using the software TIA (Thermo Fisher Scientific Company), with a Cliff-Lorimer approach.

2.7 X-ray nano-computed tomography

Selected specimens were subjected to X-ray nano-computed tomography (nano-CT) imaging
(X-ray microscope Carl Zeiss Xradia Ultra 810 equipped with a chromium X-ray source, 5.4
keV). After running the TEM analysis on the P2-901 sample, the same TEM specimen was
placed on top of a needle used as sample holder in nano-CT scanning, to image the same
features observed by TEM. Absorption and phase-contrast imaging were performed. In the
imaging experiments, a total of 901 projections were obtained over < 180°, a camera binning
of 2 (128 nm of final voxel size) and with an exposure time of 10 and 25s. Image
reconstruction was performed by a filtered back-projection algorithm using the software
XMReconstructor integrated into the Xradia 810 Ultra, and data were exported as a stack of
16-bit tiff images. ImageJ and commercial software arivis Vision4D (version 2.12.6) were used
for image correction, segmentation and 3D renderings presented here.

3. Results and discussion

3.1 Thermal properties and glass stability against crystallisation

As a first approach of examining the crystallisation behaviour of the glasses, glass stability
was evaluated by calculating the Hruby parameter, Ky (Eq. 1) [31], [32]. Here, T« is the onset
temperature of the first exothermic (crystallisation) peak, T is the glass transition temperature
and T the melting temperature; all obtained at 10 K min™' (Figure 1a).

Ky = (To) (1)

(Tm_Tx)

The Hruby parameter, and thus the stability against crystallisation, increases very slightly
first from PO to P1 and then decreases for the remaining glasses, with P5 showing the lowest
value of all glasses (Figure 1). Small P2Os additions (below 3 mol%) seem to have a relatively
small effects on Ky, while larger additions seem to increase the crystallisation tendency of the
melt. This agrees with the finding that it was difficult to obtain P5 as bulk, as the composition
crystallised spontaneously.
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Figure 1. (a) DSC curves of the glass powders. (b) Hruby glass stability parameter, Ky, of the glasses
as a function of P,Os content (dotted line acts as a visual guide only).

P.Os can act as a network former, which in silicate glasses is known to cause phase
separation at certain concentrations. In bioactive phospho-silicate glasses, it is mostly present
as orthophosphate tetrahedra (charge-balanced by modifier cations such as calcium).
Computer simulations suggest that clustering and, thus, potential phase separation here occur
at relatively high concentrations only [33]. We may therefore expect that in the present study,
phosphate-rich regions in low phosphate content glasses (PO to P2) did not reach critical size
for crystallisation, while in the compositions with higher phosphate contents critical size of the
regions or clusters may have been achieved, resulting in a more pronounced tendency to
crystallise, as shown by the decreasing value for Ky. Phase separation was indeed observed
for glasses PO, P2 and P5 as shown previously [34], and for P5 involved phosphate phases.
This may affect the observed temperature behaviour of P5 and will be discussed further below.

T4 values (Table 1) were similar for all glasses, reflecting the constant silicate network
polymerisation (constant NC) and indicating a negligible effect of the phosphate/silicate ratio
on Ty in the present system. The observed T4 values (around 670°C) were much higher than
those reported for conventional bioactive glasses with comparable NC. For instance, glass
4585, with its NC of 2.11, has reported T4 values between 520 and 560°C [4], [35], [36]. The
higher T4 values observed here originate from the absence of Na2O in the glass system, which
is known for lowering T4 because of the lower field strength of sodium compared to calcium
cations [37]. A previous study on a comparable Na-free bioactive glass (44.88 SiO,, 0.97 P,0s,
44 .87 Ca0, 9.28 CaF2, in mol%, NC 2.13) shows a similar T4 value of 654°C [22], confirming
the expected influence of the modifier cation field strength.
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Table 1. Nominal compositions of the melt-derived glasses (mol%; network connectivity is 2.11) and
their corresponding glass-ceramics and results of thermal analysis (error + 5 K) of the glasses (Tq
glass transition temperature, Ty onset of the first exothermic peak, T first crystallisation peak, Tcz

second crystallisation peak temperature, Ty, onset of endothermic peak corresponding to the melting

temperature; all in °C).

Tg Tx Tc1 Tc2 Tm Gl ass-

Glass | SiO: P20s CaO CaF; (°C) (°C) (°C) (°C) (°C) ceramic

PO 46.8 | 0.0 442 | 9.0 669 824 846 1111 | PO-846

P1 443 1.2 455 |9.0 669 |826 |894 1095 | P1-894

P2 419 |24 46.7 | 9.0 671 820 | 870 | 901 1092 | P2-901

P3 399 (34 47.7 9.0 672 |810 | 884 1100 | P3-884

P4 38.0 (43 48.7 9.0 670 |807 |815 |848 1092 | P4-816

P5 36.3 | 5.1 496 |9.0 668 772 778 815 1091 | P5-778

Tm values (Table 1) are also similar for all glasses, with the exception of glass PO showing
a higher Tr, than that of the other glasses. Trm of glass PO agrees well with the temperature of
the four-phase intersection point between CaF,, wollastonite, cuspidine and a liquid phase in
the thermodynamic system SiO2-CaO-CaF: [38]. A similar first melting reaction occurs for the
phosphate-containing compositions, which is in good agreement with our XRD results (see
below). However, the temperature of the invariant reaction is reduced by P,Os addition.

While phosphate-free glass PO showed only one crystallisation peak, glasses P1, P2 and
P3 showed a shoulder on the left-hand side of the main crystallisation peak. This asymmetry
indicates overlapping crystallisation processes of different phases, as discussed below.
Glasses with an even higher phosphate/silicate ratio, P4 and P5, exhibited two well-defined
crystallisation peaks (Figure 1a).

3.2 Structural characterisation of crystalline phases

All glass-ceramics showed complex diffraction patterns with multiple phases (Figure 2a),
agreeing with the asymmetric or multiple crystallisation peaks observed in DSC traces. ATR-
FTIR spectra (Figure 2b) show a superposition of broad features from the residual glassy
matrix and the narrow bands of crystalline phases. Phosphate-free glass PO, shown as an
example of the starting material, exhibited the characteristically broadened bands positioned
between 1000 and 910 cm™ corresponding to Si-O-Si and Si-NBO (NBO: non-bridging
oxygen) vibrations respectively [39]. Spectra of the glass-ceramics also show these broad
bands, suggesting a structural similarity between glass-ceramics and corresponding parent
glass, i.e. similar structural units present in a crystalline or amorphous environment. According
to XRD and FTIR results, cuspidine, CasSi,OsF,, crystallised in all glass-ceramics, while
wollastonite, CaSiOs, was identified in samples P0-846, P1-894, P2-901 and P3-884. (A high-
temperature phase of CaSiOs, pseudo-wollastonite, has also been reported to crystallise
during heat treatment of bioactive glasses [40] but was not detected here.) An apatite phase
was present for the higher phosphate content glass-ceramics (above 3 mol%), with apatite's
four highest intensity diffraction lines at about 32, 33, 26 and 50°26 being observed in the
diffraction pattern. As shown below, this phase was later identified as fluorapatite (Cas(PO.)sF)
or a fluoride-containing apatite phase by '*F MAS NMR spectroscopy.
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The position of the diffraction lines varies slightly within the series without showing clear
trends, probably due to underlying differences in lattice constants related to different
substitutions and defects. In the FTIR spectra apatite was indicated by a split band positioned
at approximately 600 and 570 cm, associated with the P-O bend from a crystalline calcium
orthophosphate phase [8] and a vibrational mode from the developing crystal phase [5], [39].
In contrast to XRD patterns, these features were already visible for P2-901 with its lower
phosphate content. Xonotlite (CasSisO17(X)2, X = OH, F) was identified for P0-846, P3-884,
P4-816 and P5-779. Xonotlite crystallises between 750 and 800°C, and it was, together with
wollastonite, the predominant phase in SiO2>-CaO-CaF.-K20O glass-ceramics, with the ratio of
the two phases depending on the fluoride content [41]. Xonotlite also formed a minor phase
in canasite-type glass-ceramics up to 950°C [42]. In the present study, xonotlite was identified
by small FTIR bands at approximately 650 and 1190 cm™, the latter being characteristic for
the Q3® Si-O stretch vibration of xonotlite [43]. Typically, Si-O IR bands move to higher
energies, i.e. larger wavenumbers, with increasing numbers of bridging oxygen atoms (BO)
connected to an SiO, tetrahedron, with Q3 groups usually appearing at around 1100 cm™. Q2
groups (present in both wollastonite and xonotlite) are expected at around 950 cm™ and Q'
groups (in xonotlite [44] and cuspidine) at slightly below 900 cm™, Figure 2a [45].

Figure 2c shows the relative amounts of crystalline phases vs. phosphate content in the
glass-ceramics, obtained from XRD full pattern refinement (residual glassy matrix was treated
as part of the background signal). As discussed above for XRD and FTIR, an increase in
phosphate/silicate ratio resulted in larger amounts of the apatite-type phase. The amounts of
silicate-containing phases, i.e., cuspidine and wollastonite, show a maximum for glass-
ceramic P1-894 and then decrease with increasing phosphate content, owing to less SiO-
being available to form stoichiometric silica-containing phases. The decrease in the cuspidine
fraction may also be related to the fluorine loss observed for high phosphate contents as
shown previously [46]. As a result, Cas(PO.)sF or CasSisO17F2 formed instead of cuspidine
(Ca4Si207F2).

Relating these tendencies to heat treatment temperature (Table 1) shows that higher
temperatures promote crystallisation of silicate-containing phases, with the exception of
xonotlite (CasSisO17F2). As described in the literature, xonotlite is not stable at high
temperatures and tends to be replaced by wollastonite [47], [48]. Parent glasses with higher
phosphate/silicate ratio such as P5 have a more pronounced tendency to crystallise, as
indicated by the Hruby parameter (Figure 1). In addition to apatite crystallising at lower
temperatures, an increase in phosphate content in bioactive-type glasses caused a larger
number of orthophosphate units in their atomic structure which promote crystallisation [38],
[49]. In addition, our previous results showed that glass P5 was phase separated and phases
included phosphate phases [34]. Phase separation is a known step leading to crystallisation
and may therefore contribute to the pronounced crystallisation tendency of P5.
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Figure 2. (a) XRD patterns and (b) FTIR spectra of glass-ceramics PO to P5 after heat treatment for
one hour at Tes. (c) Crystalline fractions of silicate and phosphate phases from XRD full pattern
refinement, plotted over the P>Os content in the parent glass, labelled as ¥ wollastonite (CaSiO3), ¢
xonotlite (CasSisO17(OH)2 having been used for XRD pattern refinement, while the fluoride-containing
variant, CaeSisO17F2, is more likely), + cuspidine (CasSi-O7F2), and * fluorapatite (Cas(POg4)sF). Q7,
Q? and Q3 indicate the regions for bands corresponding to Si—O vibrations of SiOy4 tetrahedra with 1, 2
or 3 bridging oxygens, respectively, in FTIR spectra.

Figure 3a shows the *'P MAS-NMR spectra of selected glass-ceramics together with
those of their parent glasses for comparison. In general, the peaks observed for the glass-
ceramics are narrower than those of the glasses, in agreement with a larger degree of
structural order. Narrow resonance bands were positioned at 2.72 ppm for P2-901 and P3-
884 and at 3.22 ppm for P5-778. In crystalline materials, peaks in this region (around 2.9 ppm)
have been assigned to apatite [50], [51], and we assign them to isolated orthophosphate units
charge-balanced by calcium [52], [53]. XRD patterns only showed apatite above 3 mol% P20s
(P2); however, the narrow width of the signals (compared to the orthophosphate signal from
the untreated glasses) suggests crystalline calcium orthophosphate structures even for P2-
901. The amount of apatite present in P2-901 may thus have been too small for detection by
XRD. The signal width broadened for P5, which could be caused by the presence of nanoscale
crystalline apatite structure in comparison with P2 and P3 or possibly from a mixed
hydroxyfluoroapatite environment [54], [55].
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Figure 3. (a) 3'"P MAS NMR and (b) "°F MAS NMR spectra of selected glass-ceramics and their
parent glasses. For chemical shifts of peaks in °F MAS NMR, see Table 2. The asterisks mark
spinning side bands in "°F MAS NMR spectra.

Identification of fluorapatite is not possible by *'P MAS NMR alone due to the structural
similarities around phosphorus for different apatites [56]. Therefore, '°F MAS NMR was used
to confirm the presence of fluorapatite, and Figure 3b shows spectra and chemical shifts of
selected glass-ceramics. Here, again, the resonances of the glass-ceramics are much
narrower than those of the parent glasses, due to larger structural order. In the glass-ceramics
a complex pattern of several partially overlapping peaks can be seen. Some of the major ones
are listed in Table 2. The broad resonance between -83 and -89.2 ppm in the glass samples
has been reported to correspond to an amorphous F-Ca(n) environment, where n < 3 [29],
[57]. However, a much sharper '°F signal at around -83 ppm was consistently observed in all
crystalline samples, with its intensity being lowest in the P2-901 sample. This signal was
preliminarily assigned to the fluorine in xonotlite based on similarity between the '°F intensity
trend with the change in fraction of xonotlite obtained from XRD, but this '°F assignment has
to be investigated further.

The chemical shift at -103 ppm is typically associated with fluorapatite in the literature
[58], in agreement with our XRD data. Here, this assignment can only apply to the phosphate-
containing glass-ceramics P3-884 and P5-778 and not to phosphate-free P0-846. Cuspidine
has also been reported to give resonances in this region, with chemical shifts reported at -100
and -105 ppm for the pure synthetic mineral and one broad resonance at -100 ppm for slightly
disordered cuspidine [59]. This may therefore explain the signals in this region observed for
P0-846. The resonances at around -106.0 ppm are not easy to explain, as according to XRD
no fluorite (CaFz) was present in the glass-ceramics, which would give a signal in this region
[60], [61]. However, It is possible for the °F signal of hydroxyfluoroapatite to appear at
chemical shifts down to -106 ppm, and this may be the case here [55]. Resonances appearing
at-111.1 and -118.9 ppm were observed in P0-846 and P5-778, respectively, and we cannot
currently assign them to any of the phases identified by XRD. Taken together, the fluorine
environment observed in '°F NMR spectra is rather complex despite the apparent simplicity
of the system as well as the XRD and electron microscopy results (see below), and the peak
assignment will need to be investigated in more detail in the future. Besides the main peaks
listed in Table 2, some of the minor intensity peaks possibly originate from a complex pattern
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of sidebands (Figure 3b), which have been previously reported e.g. for a '°F apatite study,
showing eight sidebands for a single spectral component [56].

Table 2. '°F chemical shift positions ("°F &, in ppm) for from the NMR spectra of glass-ceramics
shown in Figure 3b.

Sample "°F &

P0-846 -83.1 -89.2 -96.5 -103.1 -107.6 -111.1
P2-901 -82.9 - - - -106.0 -
P3-884 -82.9 - - -105.0 -106.7 -118
P5-778 -82.8 - - -103.1 -107 1 -118.9

Figure 4a-c and a supplementary video (details shown below in the section Underlying
and Related Material) show a crystallisation sequence from in situ high temperature optical
microscopy of a bulk sample of phosphate-free glass PO, illustrating the formation and growth
of crystalline species in the internal volume (volume crystallisation). The sample was heated
at 10 K/min and maintained at T¢1 (846°C). An interesting phenomenon appears at
approximately 90 min of treatment with two crystals growing radially to finally coalesce with
other crystals to occupy the sample volume (Figure 4b).

Figure 4. (a-c) In situ high temperature optical microscopy images for glass PO heat treated for (a)
90 min, (b) 100 min and (c) 120 min, showing growth and coalescence of two crystals growing radially
within the glassy matrix. (d-f) Optical microscopy images of bulk samples corresponding to glass-
ceramics (d) P0-846, (e) P2-870 and (f) P2-901.

Conventional optical microscopy of bulk glass-ceramic P0-846 (Figure 4d) showed
needle-shaped features in the internal volume, with lengths of up to 100 um. By contrast, bulk
glass-ceramic P2-870 showed pine leaf-shaped structures (Figure 4e) reaching several
hundreds of micrometres in length. Their growth started at the edge of the sample (surface
crystallisation) and continued towards the bulk, leaving the centre free of crystals. Additional
heat treatment at the second crystallisation peak temperature (P2-901) resulted in pine leaf
features filling the entire volume (Figure 4f).

STEM-EDX analyses of glass-ceramics PO and P2 only allowed for observation of a
fraction of these elongated structures, as they were much larger than the TEM field of view.
EDX quantification of fluorine is challenging as F-Ka X-rays have a comparably low photon
energy, increasing the possibility of X-ray absorption prior to reaching the EDX detector and,
as a result, underestimation of the actual fluoride content. Figure 5 shows these needles to be
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depleted in silicon compared to the surrounding matrix and enriched in fluoride and calcium
(Area 1, sample P0-846). Elemental quantification on one of the needles (Area 1 in Figure 5a,
Table 3) gave an Si:F ratio of nearly 1:1 (assuming an underestimation of F) together with a
Ca content larger than that of Si, suggesting cuspidine, CasSi,O7F2, crystallising in needle
morphology. This agrees with reports on needle-like and fibrous morphology [59], [62] as well
as surface crystallisation in a comparable micrometre-size range in SiO2-CaO-CaF2 glasses
heat-treated at comparable temperature (899°C) [63], [64], [65].

P0-846 b
Area 1

Figure 5. HAADF STEM micrographs of two areas of glass-ceramic P0-846 and corresponding EDX

elemental distribution mappings: (a-d) Area 1 and (e-h) Area 2, with mappings showing Si (orange), F

(green) and Ca (red). Areas 1 in (a) and 2 in (g) indicate the regions where EDX quantifications were
performed (Table 3).

In addition to the cuspidine needles, a second area of this sample (Area 2 in Figure 5g)
showed irregular areas of some hundreds of micrometres depleted in fluoride, with an Si:Ca
ratio of 1:1 corresponding to wollastonite (CaSiOs) or xonotlite (CaeSisO17F2). Xonotlite has
been reported to crystallise in the bulk [66], forming radiating structures [42], [47]. Lin et al.
reported different microstructures for wollastonite and pseudowollastonite in bulk glasses [67],
with wollastonite spherulites of ca. 50 to 100 uym in size growing in the interior of the sample.
Such radial microstructures agree with the heat treatment sequence of glass PO at 846°C
shown in Figure 4a-c. Wollastonite in a rod-shape morphology also has been reported for bulk
glasses [68]. Thus, based on the internal microstructure and elemental analysis observed for
glass PO, we conclude that cuspidine needles form together with fluoride-depleted sub-micron
grains, attributed to wollastonite and xonotlite crystals, similarly to glass-ceramics in the
system K>O-CaO-SiO2-F where a combination of wollastonite and cuspidine formed as major
phases with xonotlite as a secondary phase [62].
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Table 3. Concentration of elements (at%) in bulk glass-ceramics P0-846, P2-869 and P2-901
analysed by EDX in the areas highlighted in Figures 5 and 6. The analytical accuracy of the EDX
measurement was around 2%.

Sample Position Si Ca F P (o}
P0-846 | Figure 5a, Area 1 19.0 28.9 13.9 - 38.1
Figure 5g, Area 2 24.5 25.2 1.4 - 48.9
P2-870 | Figure 6a, Area 1 19.0 29.7 6.6 1.9 42.9
Figure 6a, Area 2 22.2 23.0 - 2.0 52.3
P2-901 Figure 6¢, Area 1 21.0 26.0 4.3 - 48.0
Figure 6¢, Area 2 6.6 29.0 5.5 11.0 48.0

Figure 6a shows a STEM micrograph of bulk glass-ceramic P2-870. A feather-shaped
feature (Area 1 in Figure 6a) possibly corresponded to the needle edges shown in optical
microscopy (Figure 4e), together with a smoother pore-containing feature (Area 2 in Figure
6a). An analysis of this area revealed a higher Ca than Si content and the presence of fluorine,
attributed to cuspidine [62]. Quantification of elements in Area 2 (Figure 6a) matched
wollastonite or xonotlite instead (Si:Ca ratio of 1:1) [42], [47], [65], [66], [67].

P2-901°Cj C

a _ P2:870°C

HAADF “pm

d P2-901°C e

10 um

Figure 6. (a) HAADF micrograph of bulk glass-ceramic P2-870. Rectangles indicate the areas where
EDX analyses were performed (Area 1 and 2 in Table 3). (b) HAADF micrograph of glass-ceramic P2-
901 and (c) corresponding EDX elemental distribution mappings (P yellow, Si orange, Ca green, and
F red). EDX quantification was performed in areas 1 and 2 of the P mapping. (d-g) Nano-CT images
of sample P2-901 prepared for TEM, showing different virtual cuts along the volume: (g) detailed
reconstruction showing the pine leaf-shaped crystals, brighter areas in the slices in (e) and (f), or
pseudo-coloured in red/orange in (d) and (e) are enriched with Ca and P.

Well-defined pine leaf-shaped crystals of some micrometres in length appeared for P2-
901 (Figure 6b); elemental distribution mappings (Figure 6¢) show these to differ from P2-870,
being enriched in P and slightly enriched in Ca while being depleted in Si (Area 2 in Table 3).
Needle-like fluorapatite has been observed in dentine and enamel [19], [20], [21], and the
observed Ca:F ratio close to 5:1 agrees with fluorapatite. In this particular area, Si, Ca and F
concentrations of the matrix (Area 1 in Figure 6¢, Table 3) were in between those observed
for wollastonite and cuspidine in P2-870, suggesting residual glassy matrix with wollastonite
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and cuspidine intergrown on a nanoscale surrounding the observed fluorapatite needles in
this area.

Owing to the larger field of view of nano-CT in comparison with that of TEM, pine leaf-shaped
crystals (attributed to fluorapatite, Figure 6d-g) of several tens of micrometres in length could
be observed. Two-dimensional plates of different sizes forming the pine leaf are discerned.
Moreover, higher X-ray absorption (represented by a red colour in Figures 6d,e and as brighter
areas in the slices in Figures 6e,f) was observed in the spine of the leaf-shaped structure and
the thinner dendrites emerging from it. The space between the dendrites was occupied by
residual glassy matrix, represented by the black colour in Figure 6e,f. Figure 6g offers a
detailed view of the morphology of these crystalline structures.

The heavily intergrown morphology observed for P0-846, with most features being below
the size of 1 uym, indicates bulk crystallisation rather than surface crystallisation, discussed
further below. By contrast, the long, parallel calcium phosphate crystals of several tens of
micrometres in length observed for P2-870 indicate growth selection by surface nucleation.
Several very small crystalline phases, however, did not point at surface nucleation in
agreement with the absence of very sharp reflexes in XRD.

The crystallisation of needle-like crystals may give these glass-ceramics interesting
mechanical properties, as shown for comparable structures present in the SiO2-Al,O3-P20s-
CaO-CaF; system [69], but this requires further investigation. Wollastonite crystallisation was
also shown to enhance mechanical properties compared to glass-ceramics containing solely
apatite [6], [12], [70].

3.3 Crystallisation mechanisms

Figure 7 displays the results of the DSC investigation on glasses PO, P4 and P5. As glasses
P1, P2 and P3 exhibited very asymmetric exothermic peaks and shoulders (Figure 1a), no
detailed DSC investigation was performed with these glasses. For glasses PO, P4 and P5, by
contrast, detailed DSC analyses could be performed (Figure 7); however, as the glass particle
size used was in the range of 125 to 250 um, a direct comparison with microscopy results
from bulk samples (Figures 4-6) was not possible. Glass PO showed one broad crystallisation
peak, while P4 and P5 each showed two narrower peaks (Figure 7a). A narrow crystallisation
peak typically indicates bulk crystallisation, while a broader one suggests surface
crystallisation. In addition, crystallisation peak width can give an indication of the
dimensionality (surface vs. bulk crystallisation) of the crystals, where three dimensional
crystals lead to a broader peak than needle- or plate-like crystals [71]. This agrees with the
radial and irregular microstructures observed in Figures 4a-c and 5g for wollastonite/xonolite
crystals, the main phases in glass-ceramic PO.

Glasses P4 and P5 each exhibited two well-defined exothermic events. The narrow shape
of these peaks, less than 20 K in width, indicates that crystallisation occurred in a very narrow
temperature range with the crystalline phases possessing very similar crystallisation
temperatures. The peak overlap was not as pronounced as for PO, which can be seen even
more clearly for the crystallisation degree curves (Figure 7b, marked in grey). Only the curves
of both crystallisation peaks at 15 and 20 K/min, T¢ and T2, exhibit common temperature
ranges for P4 and P5. Sharp, high-intensity peaks indicated a fast crystallisation process,
typically related to amorphous phase separation and nucleation. Fast events have also been
related to the morphology (dimensionality) of the crystals forming [71], with the kinetics of the
formation of two-dimensional crystals (plates) being faster than those of one-dimensional
(needle-shaped) and three-dimensional crystals (cubic and spherical particles) [71]. Shape,
intensity and end point of the crystallisation peaks are also affected by the direction of the
crystal growth fronts [71]. For example, crystallisation of plate-like particles results in a higher
intensity peak, due to an initially larger crystallising surface. It also drops more abruptly when
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the crystal growth fronts perpendicular to its larger faces meet in the particle centre than those
observed for spherical or cubic particles [71]. For P5, the first and very narrow crystallisation
peak is therefore attributed to fluorapatite crystallisation (pine leaf-shaped crystals), while
cuspidine and xonotlite crystallisation are probably included in the second crystallisation peak.

The Johnson-Mehl-Avrami-Kolmogorov (JMAK) [72] and Kissinger equations [73] for the
interpretation of crystallisation behaviour are only valid if both the Avrami parameter n and the
activation energy for crystallisation remain constant over the entire crystallisation process [71],
[72], [74]. In the present study, a variation in activation energy (E) with crystallisation degree,
x, and heating rate is expected from the diversity of crystalline phases. Thus, the use of the
JMAK equation seems inappropriate, especially as it is also limited to non-isothermal
crystallisation studies [71], [72], [75]. The Kissinger equation cannot be used either, as it is
limited to surface crystallisation, while the narrow crystallisation peaks of P4 and P5 suggest
bulk crystallisation. Therefore, E of glasses PO, P4 and P5 was determined by an iso-
conversional method following Friedman’s equation (Eq. 2) [74], [76], [77], [78], [79], [80].
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Figure 7. (a) DSC curves showing the crystallisation peaks for glasses PO, P4 and P5 at heating
rates from 5 to 20 K/min. (b) Crystallisation degree, x, as a function of temperature. (c) Friedman’s
plot for calculating the activation energy according to the iso-conversional method. (d) Activation
energy as a function of crystallisation degree. (e) Ozawa plot for calculating the Avrami parameter for
PO and PA.
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In (%) =In (Q %) = —:—T + constant (2)

Here, Q is the heating rate, x the crystallisation degree and dx/dt the rate of transformation
at temperature T. The activation energy, E, was taken from the average of the E; values
collected from the plot of In(Q d(x)/dT) vs. 1000/T (Figure 7c). For P4 and P5, both
crystallisation peaks were investigated. For glass PO, the curve at 20 K/min was excluded
because of its unusual shift compared to the curves obtained at lower heating rates. Figure
7d displays E as a function of crystallisation degree, x. For glass PO, E is constant within the
error limits (462+13 kJ/mol).

When applying Eq. 2 to both crystallisation peaks of glass P5 (Figure 7c¢), E of T
decreased with progressing crystallisation (Figure 7d) from 440+13 kJ/mol at 40%
crystallisation (x = 0.4) to 224+42 kJ/mol at 80%. This change of E over the crystallisation
degree for T¢1 may indicate crystallisation of fluorapatite involving more than one step,
probably including both surface and volume crystallisation. But it may also reflect a
compositional change of the residual glassy matrix over the course of crystallisation. In
contrast to Tc1, E of the second crystallisation peak, T2, of P5 remained nearly constant
(19816 kJ/mol) through the entire transformation. This value is lower than even the lowest
one obtained for T¢1 (224 kd/mol at x = 0.8, Figure 7d), suggesting that the crystallisation of
cuspidine and xonotlite presents a lower energetic barrier than fluorapatite in glass P5. The
lower values of E for P5 compared to phosphate-free glass PO further confirmes the role of
phosphate in nucleation and crystallisation, in good agreement with the Hruby parameter, Ky
(Figure 1). Pinckney et al. [41] also reported on a change in nucleation/crystallisation
mechanism from bulk to surface-dominated once the P-Os content was increased to above
5 wt%, caused by a suppression of CaF,-driven phase separation by phosphate-driven phase
separation.

For glass P4, only the curves at higher heating rates show some overlap (Figure 7a,b),
similar to P5. However, similar to PO, E of both crystallisation peaks for P4 remained constant
within the error limits at 334+11kJ/mol for T¢1 and at 232+35kJ/mol for T, (Figure 7d). While
for P5 the contribution of both surface and bulk crystallisation of fluorapatite (T¢1) decreased
the activation energy over the course of the process, fluorapatite crystallisation in P4 (Tc1)
followed a simpler mechanism with a constant activation energy. E for T, is similar for P4 and
P5, in agreement cuspidine and xonotlite crystallisation in this temperature range (Figure 2c).

A further question to be looked into was whether E and Ky (stability against crystallisation,
Figure 1) correlated. P5, having the lowest value of Ky, showed the lowest values of E. By
contrast, Ky values of P4 and PO were similar but their E values were not. This agrees with
reports in the literature that a correlation between E and Ku (or other glass stability parameters)
is not always possible [81], [82]. The fact that the glasses studied here showed phase
separation (as reported previously [34]) probably plays a role, as phase separation droplets
may act as nuclei either by shifting the composition of one of the two glassy phases closer to
that of the crystalline phase or by providing internal surfaces for heterogenous nucleation [83].
This means that the crystallisation process is dominated by crystal growth, with nucleation not
having a pronounced influence. The crystal growth component in the studied samples is
challenging to interpret, since the observed crystals seem to be composed of needles (one-
dimensional), plates (two-dimensional) and additional three-dimensional crystals (Figures 4 to
6), with the dimensionality of the crystals altering the activation energy of crystallisation.

The Avrami exponent, n, provides information on the nature of the crystallisation
mechanism. The classical Ozawa plot [71] was used to determine n in crystallisation events
showing a constant value of E over the entire process, PO and P4/T, (Table 4). For PO, the
Avrami parameter decreased from 3 at lower temperatures to 2 at higher temperatures,
indicating that, despite E being constant, n changed with crystallisation degree. Changes of n

17



Contreras Jaimes et al. | Glass Europe 2 (2024)

have been reported for other glass systems as a function of particle size [84] or temperature
[85]. Since the broad crystallisation peak of glass PO includes the crystallisation of xonotlite,
cuspidine and wollastonite, the global value of n may change depending on the crystallisation
mechanism and crystal morphology of these phases. According to Donald [86], a constant
value of E and n = 2 or 3 would indicate a two- or three-dimensional volume crystallisation
mechanism with a constant number of nuclei (well nucleated sample with number of nuclei
being independent from the heating rate), which agrees with the initial phase separation
observed in the present glass system [34] and with the radiating and needle-like
microstructures observed for P0-846 (Figure 4). In order to validate the values of n, the Augis-
Bennett equation [87] (Eq. 3) was used to determine the Avrami parameter when E is known:

__ 25 RT?
~ FWHM E (3)

Here R is the gas constant and FWHM is the full width at half maximum of the DSC
crystallisation peak at temperature T.. Table 4 shows the n values calculated for each
crystallisation peak as a function of the heating rate. Using Eq. 3 and E = 462 kJ/mol, the
mean value of n for the overall crystallisation process is 2.5, agreeing with the n values
obtained by the Ozawa plot varying between 2 and 3.

Table 4. Avrami parameters of glasses PO and P4 determined from the Ozawa plot [71] and the
Augis-Bennett equation [87] (Eq. 3).

PO
Ozawa T (K) 1100 1105 1110 1115 1120
n 30202 2702 28202 24+0.2 20x0.3
(R2 = (R2 = (R2 = (R2 = (R2 =
0.994)  0.995) 0.996) 0992)  0.97)
. Q
I;”ngr::;t (K/min) 5 10 15 20
(E = 462 n
kJ/mol) 2.6 2.7 2.7 2.0
P4'Tc2
Ozawa T (K) 1125 1126 1127 1128 1129 1130
n 38+02 36+06 34+x06 3305 31+£05 3.0x04
(R2 = (R2 = (R2 = (R2 = (R2 = (R2 =

0.97) 0.97) 0.97) 0.98) 0.98) 0.98)

For P5, the reduced overlap of the crystallisation degree curves of the two crystallisation
peaks (Figure 7b) leads to non-reliable n values calculated from the Ozawa plot, as only two
x curves show an overlap, and the error associated with both large and small values of x (the
tails of the x curve) would therefore be large. Moreover, for T (with its small FWHM of less
than 3 K) with a constant E, the Avrami exponent determined by the Augis-Bennett equation
(Eq. 3) delivered a value much larger than 4, which has no physical meaning. According to
Augis-Bennett, the shape of the DSC peak determines the value of n, meaning that the
narrower the peak, the larger is n [87]. Based on the work by Matusita et al. [88] plotting
In(- In(1-x) as a function of 1/T provides insight in the crystallisation behaviour [78], [89]. Here,
the plot of T of glass P5 (Figure 8) is clearly non-linear, indicating the complex nature of the
crystallisation process, involving different stages (i.e., different n values). The loss of linearity
in this plot has been associated with the saturation of the nucleation sites of the final
crystallisation stage [78]. The same was found for T, of P5, due to the narrow overlap of the
crystallisation degree curves and a very small FWHM. This finding agrees with surface and
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volume crystallisation of fluorapatite (T¢1) and the nearly parallel crystallisation of cuspidine
and xonotlite (Tc2).

For T of glass P4, associated with the crystallisation of fluorapatite, only the
crystallisation degree curves of 15 and 20 K/min overlap in a narrow temperature range,
making a determination of the Avrami exponent n impossible, as explained above.
Determination of n through the Augis-Bennett equation is not reliable either. For T, the
crystallisation degree curves at 10, 15 and 20 K/min overlap in a certain temperature range,
enabling the determination of n through the Ozawa plot between 1125 and 1130 K (Figure 7e,
Table 4). A mean value of n = 3 was obtained. Again, the narrow shape of the T, peak, being
less than 20 K, did not allow for an additional calculation of n through the Augis-Bennett
equation. For T, with its constant E, n = 3 indicates three-dimensional volume crystallisation
(of cuspidine, xonotlite and wollastonite) with a constant number of nuclei (well nucleated
sample with number of nuclei being independent on the heating rate) [86].

. P5-Tc1
0 .
8
= 29
£
£
-4
1 —— 5 K/min
64 —— 10 K/min
15 K/min
1 —— 20 K/min
-8 T T T T T T T T T T T
0.92 0.93 0.94 0.95 0.96 0.97 0.98

1000/T (K")

Figure 8. Representation of In(—In (1—a)) versus 1000/T at different heating rates for the first
crystallisation peak T¢1 of glass P5. The plot is clearly non-linear, indicating the complex nature of the
crystallisation process.

Taken together, the crystallisation mechanism varies as a function of the phosphate to
silicate ratio. A volume crystallisation mechanism with a constant activation energy over the
whole crystallisation process was observed for phosphate-free glass PO, while for P5
contributions of both surface and volume crystallisation of fluorapatite need to be considered.
Here, the activation energy strongly decreased during crystallisation due to increasing
contributions of surface crystallisation at the expense of volume crystallisation. At the second
crystallisation temperature (assigned to silicate phases), crystallisation followed an internal
process with a constant activation energy. For glass P4, fluorapatite crystallisation was less
complex than for P5, showing a constant E, probably only including surface crystallisation.
The crystallisation of silicate phases occurred in a similar way in P4 and P5.

4. Conclusions
This work highlights the possibility to tailor the crystal phases and crystalline fractions as a

function of phosphate to silicate ratio in bioactive glasses. The presence of fluorapatite is
beneficial as it potentially facilitates apatite surface precipitation in contact with physiological
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solutions. On the other hand, wollastonite is known to improve the mechanical properties. This
work shows that by changing the phosphate to silicate ratio we can obtain fluorapatite-free or
wollastonite-free glass-ceramics, which potentially allows for the properties to be tuned to best
suit the final application. It remains to be investigated how these changes in crystal phases
affect the reactions of the glasses in contact with physiological solutions, especially in
comparison with the parent glasses. This will be the subject of future studies.
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