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A novel Mg and Sr co-doped Bio_MS glass with a high crystallization activation energy (370 kJ/mol) was pro-
cessed in this work by Spark Plasma Sintering (SPS) to achieve nearly fully dense samples. The material remains
fully amorphous up to 800 °C, while higher temperatures lead to devitrification and the formation of glass-
ceramics containing pseudowollastonite and wollastonite. The structural adaptability of the resulting products
allows their biological and mechanical performance to be suitably tailored: lower SPS temperatures were found
to maximize surface reactivity and accelerate HAp formation, whereas higher sintering temperatures improve

hardness and Young’s modulus. Furthermore, SPS-processed Bio_MS ensures a controlled release of therapeutic
Si, Ca, Mg, and Sr ions, making it an innovative solution for bone tissue engineering.

1. Introduction

Since their discovery, Bioactive Glasses (BGs) have attracted signif-
icant attention for clinical use primarily because of their superior ability,
compared to alternative bioceramics, to rapidly promote hard tissue
regeneration when in contact with biological environments [1-5]. More
recently, the utilization of BGs has been extended beyond the orthopedic
and dental fields, also involving soft tissue areas such as angiology,
oncology, drug delivery, wound healing, ophthalmology, etc. [6]. A
beneficial contribution in all these contexts was provided by the possi-
bility to introduce suitable therapeutic ions into the glass matrix, to
better meet the specific needs of the biomedical applications to which
BGs are addressed [7,8].

The most widely employed and investigated bioactive glass is un-
doubtedly the 45S5 Bioglass® developed by Larry Hench in 1969, and
characterized by the composition 45% SiOs, 24.5%Na30, 24.5% CaO,
and 6% P50s, by weight (corresponding to 46.1 SiO9, 26.9 CaO, 24.4
Nay0, 2.6 P50s, mol%) [1]. The most critical issue associated with this
glass is its relatively low crystallization temperature, near 600°C [9].
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Thus, when 4585 glass powders are sintered, the resulting bulk products
are usually crystallized, so that the related bioactivity is reduced since
crystalline phases are less bioactive than the original amorphous one
[10]. This drawback can be in part overcome by taking advantage of
efficient hot-pressing methods, like the Spark Plasma Sintering (SPS), for
glass powder consolidation. Indeed, as summarized in Table 1, high
relative densities, in the range 92-100%, can be achieved when 45S5
powders are processed by SPS at 500-550°C, while largely retaining the
initial amorphous nature of the glass, albeit the presence of crystalline
phases (NayCaSipOg or NagCasSigO13) was also generally detected
[11-21].

Another complementary approach is the development of alternative
bioactive glass compositions with lower tendency to crystallize
compared to the 45S5 system. They include the so-called BioK (46.1
SiOg, 26.9 CaO, 24.4 K30, 2.6 P20s, mol%) [22,23], BG_Ca/Mix (47.2
Si0,, 45.6 Ca0, 2.3 Nay0, 2.3 K50, 2.6 P»0s, mol%) [24] and BGMS10
(47.2 Si0Oy, 25.6 Ca0, 10 MgO, 10 SrO, 2.3 Nay0, 2.3 K50, 2.6 P05, mol
%) [25], the first two characterized by a crystallization temperature of
880°C and the latter of 932°C, thus exceeding that of standard 45S5 by
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more than 250 °C. As reported in Table 1, the use of the SPS technology
for the consolidation of BG_Ca/Mix [14] and BGMS10 [18] allowed for
the fabrication of nearly fully dense (relative density > 99.7%) products,
while completely avoiding devitrification phenomena during sintering.
Table 1 also shows that similar findings were obtained with the (53.69
SiOy, 33.23 Ca0, 6.85 B203, 2.66 Alx03, 2.63 Nay0, 0.91 P»0s, mol.%)
glass system, characterized by a crystallization temperature of about
850°C [20].

Among the recently developed bioactive glasses with reduced crys-
tallization tendency, particular attention has been devoted to the Bio_MS
composition (46.1 SiO,, 31.3Ca0, 5 Na0, 2.6 P;0s, 5 MgO, 10 SrO, mol
%), obtained through the simultaneous incorporation of magnesium and
strontium ions into a silicate glass network [26]. This formulation was

Table 1
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specifically designed to combine improved thermal processability with
the biological benefits associated with the controlled release of thera-
peutic ions. Magnesium plays a fundamental role in bone metabolism,
promoting osteoblast proliferation and differentiation, extracellular
matrix mineralization and regulation of apatite nucleation processes,
while also contributing to the modification of the glass network struc-
ture and thermal behaviour [27,28]. Strontium is well known for its dual
action on bone remodelling, being able to stimulate osteoblastic activity
while reducing osteoclast-mediated bone resorption, thereby promoting
bone formation and regeneration [29-31]. Consequently, the simulta-
neous release of Mg and Sr ions from bioactive glasses has been asso-
ciated with enhanced osteogenic potential and improved biological
performance compared with conventional formulations [7,8].

State of the art for Bioactive Glasses (BGs) processed by Spark Plasma Sintering (SPS) with no additives: oxide composition, synthesis route, sintering conditions,

crystalline phases, density, and mechanical properties (Hardness, Young’s modulus).

BG type (oxides Tc (°C) Commercial or SPS Amorphous/ Density, p Mechanical properties Reference
composition, mol.%) Lab-made BG conditions crystalline phases Hardness (load), E
(synthesis (Tp/tp/P) in bulk sample
route)
4585 ~ 600 Commercial 850°C/ n.r. p=100% HV (n.r.) =620 £ 11 [11]
(46.1Si0,, 26.9Ca0, 10 min/ (pe=2.8 g/cm®)
24.4Na50, 2.6 P,0s) 40 MPa
Lab-made (SG) 950°C/ Mainly crystalline p=92% E = ~110 GPa [12]
15 min/n.r. (NagCasSicO18) (pe=2.7 g/cm®)
Commercial 500-550°C/ Mainly amorphous, p= 97.2-98.8% n.r. [13]
2 min/ NayCaSi»0¢ (p=2.7 g/cm®)
70-300 MPa
Commercial 550°C/2 min/ Mainly amorphous, p=100% HV (1 N) =905 + 165 [14]
70 MPa NagCazSicO1g (p=2.7 g/cm3) E =82+ 6 GPa
600°C/2 min/  Mainly crystalline p=99.3% HV (1 N) =810 + 150
16 MPa (NagCa3SigO1g) (pe=2.7 g/cm®) E =67 + 6 GPa
Commercial 500°C/3 min/ Amorphous p=99.5% Nanohardness= 6.45 + 0.04 GPa [15]
50 MPa (p=2.72 g/cm®) E = 82.55 + 0.03 GPa
550°C/3 min/ Mainly crystalline p=100% Nanohardness= 6.6 + 0.1 GPa
50 MPa (Na,CaSizOg) (p=2.72 g/cm®) E =96.3 + 0.7 GPa
600°C/3 min/  Mainly crystalline p=100% Nanohardness= 6.7 + 0.2 GPa
50 MPa (Na,CaSizOg) (pe=2.72 g/cm®) E =98.1 + 0.8 GPa
Commercial 1050°C/ Mainly crystalline p=97.6 + 0.3% HV (1.96 N) = 548.8 + 38.5 [16]
30 min/0 MPa (NagCasSicO1s, (p=2.7 g/cm3) HV (9.81 N) = 480.9 + 25.7
NaCaPOy) E=97.4+36
Commercial 550°C/3 min/ Mainly crystalline n.r. HV (4.9 N) = 810 £+ 150 [17]
50 MPa (NayCaSi3zOg) E = 90-100 GPa
BG_Ca/Mix (47.2Si0,, 880 Lab-made (MQ) 730°C/2 min/ Amorphous p=100% HV (1 N) =900 + 180 [14]
45.6Ca0, 2.3Na.0, 70 MPa (p=2.76 g/cm®) E =66 + 4 GPa
2.3 K50, 2.6 P,05) 850°C/2 min/ Mainly crystalline p=100% HV (1 N) = 800 + 150
16 MPa (aCaSiOs, pCaSiO3) (p=2.76 g/cmS) E =121 4+ 6 GPa
BGMS10 932 Lab-made (MQ) 750°C/2 min/ Amorphous p=99.7% HV (0.1 N) = 671.7 + 16.6 [18]
(47.28i0,, 25.6Ca0, 16 MPa (100 wt%) (p=2.97 g/cm®) E =90.92 + 3.42 GPa
10MgO, 10SrO, 2.3Nay0, 850°C/2 min/ Amorphous p=99.3% HV (0.1 N) =718.8 +29.4
2.3 K30, 2.6 P,05) 16 MPa (97.9 wt%), (p=2.97 g/cm®) E =92.80 + 2.22 GPa
aCaSiO3 (1.1 wt%),
pCaSiO; (1 wt%))
950°C/2 min/ Amorphous (5 wt p= 98.6% HV (0.1 N) = 619.2 4+ 47.1
16 MPa %), (p=2.97 g/cm®) E = 98.38 + 5.90 GPa
aCaSiO3 (71 wt%),
BCaSiO3 (21 wt%)
BG-Bx (27.43-42.34Si0,, 510 Lab-made (MQ) 420°C/2 min/  Amorphous p=98.76-98.93% E = 27.1-73.8 GPa [19]
26.37-27.13Ca0, 50 MPa (p=2.7 g/cm®)
23.86-24.54Na,0,
0.0-18.21B,03, 2.61-
2.68P,05)
(52.21-53.69Si0,, 854-865 Lab-made (MQ) 520°C/0 min/ Amorphous p=99.27-100% HV (0.49 N)= 630-770 [20]
6.85-7.83B503, 28 MPa) (pe=2.73-3.02 g/
2.66-3.81A1,03, cm®)
24.79-33.23Ca0,
2.59-2.63Na0, 0.80-
0.91P,0s, 0.0-0.21Fe03)
58S-derived (60SiOs, nr. Lab-made (SG) 650°C/5 min/ Amorphous p= 98-99% Nanohardness [21]
28.5-36Ca0, 50 MPa (>95%) (p=2.20-2.32 g/ (4mN)= 2.5-5.6 GPa
0.0-2.5Ce303, 0.0-5.0Co0, cm?) E = 43-75 GPa

4 P,05)

E: Young’s modulus, MQ: Melt-Quenching; SG: Sol-Gel derived; T¢ = crystallization temperature; p,=theoretical density; n.r.: not reported
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Beyond its favourable therapeutic-ion release profile, Bio MS ex-
hibits an exceptionally attractive combination of thermal stability and
biological responsiveness. It was demonstrated that this glass possesses a
crystallization temperature of approximately 860 °C and a remarkably
wide processing window, thus enabling thermal treatments while
largely preserving the amorphous nature of the material. At the same
time, Bio_MS showed rapid hydroxyapatite formation, excellent cyto-
compatibility and enhanced osteogenic differentiation of human bone
marrow mesenchymal stromal cells, highlighting its strong regenerative
potential [26]. Subsequent in vivo investigations confirmed its osteo-
conductive behaviour and biocompatibility, demonstrating effective
bone regeneration and tissue integration in a rabbit femoral defect
model [32]. More recently, Bio_MS was also shown to promote endo-
thelial cell adhesion, proliferation and viability, while inducing a sig-
nificant pro-angiogenic response both in vitro and in vivo, thereby
highlighting its ability to support biological processes that are crucial for
successful tissue regeneration [33].

The combination of high thermal stability, a wide processing window
and outstanding biological performance makes Bio MS a particularly
attractive candidate for the fabrication of dense bioactive devices
through advanced sintering technologies. Moreover, Bio_MS represents
a composition already validated through extensive biological in-
vestigations, including osteogenic, osteoconductive and angiogenic
studies, making it an ideal model system to evaluate whether advanced
processing routes can preserve and possibly tailor its therapeutic func-
tionality. Despite these promising features, no information is currently
available on the response of Bio_MS to Spark Plasma Sintering, nor on
the possible effects of SPS-induced densification and devitrification on
its mechanical and biological performance.

Addressing these aspects is essential to understand whether the
outstanding biological potential of Bio_MS can be successfully translated
into mechanically reliable bulk devices suitable for bone tissue engi-
neering applications.

Therefore, the aim of the present work is to investigate, for the first
time, the Spark Plasma Sintering behaviour of Bio_MS glass powders
over a wide temperature range. Particular attention is devoted to iden-
tifying the processing conditions capable of maximizing densification
while controlling crystallization phenomena, as well as to correlating
the resulting microstructural evolution with mechanical properties, ion-
release kinetics and in vitro bioactivity. The results are finally discussed
in comparison with those previously reported for 45S5, BG_Ca/Mix and
BGMS10 glasses, providing further insight into the design of next-
generation therapeutic-ion-releasing bioactive glasses specifically
tailored for SPS-based manufacturing routes.

2. Experimental materials and methods
2.1. Processing

The bioactive Bio_MS glass (46.1 SiO3, 31.3 CaO, 5 Nay0, 2.6 P;0s, 5
MgO, 10 SrO, mol.%) was prepared by using the melt-quenching tech-
nique from commercial raw reagents (SiO2, Cag(PO4)2, NaaCO3, CaCOs,
SrCO3, and MgCO3), following the procedure described elsewhere [26].

Sintering experiments were performed using a SPS apparatus (5158
model, Fuji Electronic Industrial Co., Ltd., Kanagawa, Japan) operating
under vacuum conditions (about 20 Pa) and temperature control. Proper
amounts of Bio_MS (1.53 g) powders were loaded in a graphite die (Atal
Srl., Italy; 15 mm inner diameter; 35 mm external diameter; 40 mm
height). During SPS runs, temperature was measured with a K-type
thermocouple (TC Misure e Controlli S.R.L., Italy) introduced into a
small hole drilled on the external surface of the die. Samples were first
heated at a rate of 50 °C/min until 100°C below the dwell temperature
(Tp) was reached. Then, to prevent possible temperature overshooting,
the heating rate was decreased to 10 °C/min. The duration of the
isothermal stage at Tp was set to 2 min, after which the sample was
cooled to 300°C at a rate of 50 °C/min, followed by natural cooling. The
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effect of the dwell temperature was investigated in the range 650-900°C
while the applied pressure was maintained relatively low (P = 16 MPa),
to avoid samples breakage.

Before being further characterized, sintered products were ground
using progressively finer abrasive papers to remove residual graphite
from their surface. Samples of about 14.7 mm diameter and 3 mm height
were finally obtained. Each experimental condition was replicated at
least twice. Additional info on the SPS procedure is reported in detail in
previous works [25,34].

2.2. Characterization

The particle size distribution of the Bio_MS powders to be processed
by SPS was determined by laser light scattering analysis (CILAS 1180,
France).

Phase composition and microstructural features of powders and
sintered samples were determined by X-ray Diffraction (XRD) using a
Bruker D8 Advance diffractometer (Bruker, Germany) over a range of
scattering angles 20 from 20° to 120°, in steps of 0.05° with 15 s
acquisition time per angle step. The Rietveld procedure was used to
estimate phases content (wt%) and related microstructural parameters
by analyzing XRD patterns with the MAUD program [35]. The amor-
phous phase fraction was calculated using a pseudo-crystalline structure
factor (Caj sNay ¢4SigO3 phase; symmetry: trigonal; space group: R-3 m;
crystallite size: 20 A; microstrain: 0.03) according to the LeBail
approach [36].

The thermal behavior of the glass powders was evaluated performing
differential thermal analysis (DTA) experiments (Netzsch Differential
Thermal Analyzer, DSC 404, Netzsch-Geratebau GmbH, Selb, Germany)
from room temperature to 1000°C in air flow. DTA data recorded at
different heating rates (8-30 °C/min) allowed us to estimate the effec-
tive activation energy of the crystallization process (E.) using the Kis-
singer’s theory [37], according to the following expression:

r E,
Inl=|= -=%+cC 1)
(Ti) RT,

where T, (K) is the temperature value of the exothermic peak in the DTA
curve, r is the heating rate, and R is the universal gas constant.

The absolute density of the sintered samples was measured according
to Archimedes’ principle employing an analytical balance (Ohaus Ex-
plorer Pro, Ohaus Corporation, NJ, USA) (£ 0.0005 g precision) and
ethanol as the liquid medium. To evaluate the relative density, the
theoretical value of 3.01 g/cm® for Bio MS was used, as previously
determined by means of a gas pycnometer (Accupyc II 1340, Micro-
meritics, USA) [10].

2.3. Mechanical properties

The mechanical properties of the sintered Bio_MS samples were
determined using an Open Platform micro-indentation system (CSM
Instruments, Peseux, Switzerland), equipped with a Vickers diamond
tip. Vickers hardness (HV) and Young’s modulus (Err) were measured by
performing indentations up to a maximum applied load of 0.25N,
employing loading and unloading rates of 0.5 N/min and maintaining
the peak load for 15s. At least fifteen indentations were performed,
while the corresponding load-displacement curves were continuously
acquired during each test. The E;p values were subsequently derived
according to the Oliver-Pharr approach [38].

2.4. In-vitro tests

The in vitro bioactivity of the sintered Bio_MS was assessed through a
semi-dynamic immersion test in Simulated Body Fluid (SBF), according
to the method proposed by Kokubo et al. [39]. Specifically, the Bio_MS
disks (respectively sintered at 900 °C, 815 °C, and 750 °C) were
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immersed in SBF and maintained at 37 °C for predetermined periods of
1, 3, and 7 days. Each disk was immersed in 20 mL of SBF, corre-
sponding to an exposed-surface-area-to-solution-volume ratio of
approximately 15 mm?/mL. After each soaking period, the samples were
recovered, rinsed with distilled water, and left to dry at room temper-
ature for approximately 24 h. During the test, the pH of the solution,
initially adjusted to 7.4 in accordance with the standard Kokubo pro-
cedure, was periodically monitored at 37 °C. In addition, the SBF solu-
tion was completely refreshed every 48 h to maintain stable testing
conditions. The morphology and elemental composition of the immersed
samples were subsequently characterized by field-emission scanning
electron microscopy (FEG-SEM; Nova NanoSEM 450, FEI-ThermoFisher
Scientific, Eindhoven, The Netherlands) coupled with energy-dispersive
X-ray spectroscopy (EDS; Quantax-200, Bruker Nano GmbH, Berlin,
Germany). Moreover, the soaked samples were analysed by Raman
spectroscopy to identify the formation of hydroxyapatite (HAp)-like
calcium phosphate precipitates.

2.5. Ion release measurements

The release of ionic species from the sintered samples was investi-
gated through an in vitro dissolution study performed in SBF. For each
immersion period (1, 3, and 7 days), all samples were incubated at 37 °C
under static conditions. At the end of each soaking period, the collected
solutions were analysed by Inductively Coupled Plasma Triple Quad-
rupole Mass Spectrometry (iCAP TQ ICP-MS, Thermo Fisher Scientific,
Bremen, Germany). To improve analytical accuracy and minimize non-
spectral interferences, scandium was employed as an internal standard.
Quantification was performed using calibration curves prepared from
certified ionic standards, and all samples were analysed after appro-
priate dilution.

3. Results and discussion

3.1. Powders characterization

The particle size parameters of the Bio_MS powders used in this work
for SPS processing are djp= 0.85 £ 0.01, dsp= 4.60 + 0.13, dgo= 24.47
+ 0.57, and dg4,3) = 9.01 £ 0.23 pm. These data are consistent with SEM
observation, whose images are shown in Fig. 1. Irregularly shaped
particles with sizes ranging from less than 1 pm to above 10 pm can be
seen.

The thermal behaviour of these powders was investigated at different

Fig. 1. SEM image of Bio_MS powders used in this work for the preparation of
bulk samples.
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heating rates, in the range 8-30 °C/min, by DTA. From the resulting
curves plotted in Fig. 2(a), it is seen that the characteristic crystalliza-
tion peak shifts towards higher temperatures with increasing heating
rate, i.e. from about 883°C (8 °C/min) to 922 °C (30 °C/min).

When plotting these data in the form of (T’z> as a function of (%)

(cf. Eq. 1), the straight line shown in Fig. 2(b) is obtained. From the
corresponding slope, the effective activation energy E, of about 370 kJ/
mol associated with the crystallization of Bio_MS glass was then esti-
mated. Such value is higher with respect to the reported literature data
for standard Bioglass® and S53P4 glasses, in the range of 230-338 and
283-311 kJ/mol, respectively [37].

In this regard, it should be noted that, in principle, the Matusi-
ta-Sakka approach [40] is more rigorous than the Kissinger method
since the former accounts for the specific mechanisms of crystal nucle-
ation and growth by including two parameters, the Avrami exponent (1)
and the dimensionality of growth (m), as follows:

" mE,
In <T_§> = - RT, +C 2)

However, the critical particle size for the transition from surface to
bulk crystallization mechanisms typically occurs in the range 100-150
pm. Since the average size (d43) = 9.01 + 0.23 pym), and even the
coarsest fraction (dgp=24.47 + 0.57pm), of the Bio_MS glass powders
studied in this work are well below that limit, it can be stated that the
entire powder strictly falls within the surface crystallization regime, for
which m = n =1 can be assumed [40]. Consequently, within the sce-
nario examined in the present study, the Eq. (2) converges to that of
Kissinger, Eq. (1).

The estimated E, value further supports the lower crystallization
tendency of the Bio_MS composition with respect to conventional glass
formulations. This holds also when considering other recently developed
glasses in the (SiO2-B203-Al;03-CaO-NagyO-P,0s) system, which show
activation energy values in the range 292-324 kJ/mol [20].

In particular, the high crystallization stability of Bio_MS can be
related to its specific network-forming and network-modifying compo-
sition. The relatively high SiO, content (46.1 mol%) contributes to the
formation of a strongly interconnected silicate network, while the
relatively low NayO content (5 mol%) limits the depolymerization of the
network typically promoted by alkali modifiers [41,42]. Consequently, a
comparatively polymerized and structurally stable glass network is ex-
pected, making the structural rearrangements required for nucleation
and crystal growth more difficult.

Furthermore, the presence of MgO (5 mol%) and SrO (10 mol%) is
expected to contribute to the stabilization of the glass network [27,
43-45]. Compared with highly mobile alkali modifiers, these divalent
cations interact more strongly with the silicate network and can increase
the structural constraints associated with atomic rearrangement during
crystallization [46]. Therefore, a higher thermal energy is required to
promote the structural rearrangements necessary for the formation and
growth of crystalline phases [46]. This provides a possible explanation
for both the high crystallization temperature and the relatively high
activation energy determined for Bio_MS.

The same compositional-structural interpretation can be considered
when comparing Bio_MS with other glasses reported in the literature
[37]. Materials characterized by higher concentrations of alkali modi-
fiers and/or a less polymerized network are generally expected to
exhibit greater structural mobility and, consequently, lower energetic
barriers for crystallization. Conversely, the combination of a relatively
high network-former content, limited alkali modification, and the
presence of divalent modifiers in Bio_MS results in a more thermally
stable glass network, which can account for its higher resistance to
crystallization [43,47].

On the other hand, the relatively lower E. value of Bio_.MS compared
to that estimated for the previously investigated BGMS10 formulation
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Fig. 2. DTA curves (a) of Bio_MS powders at different heating rates and (b) corresponding Kissinger plot.

(538.9 kJ/mol) [18] is consistent with their corresponding crystalliza-
tion temperatures, i.e. 859 °C [26], and 932 °C [25], respectively.

3.2. Sintered samples

The effect of the sintering temperature on the densification and
compositional/microstructural changes of Bio_MS samples was first
investigated. According to previous studies on similar glass systems
[18], the holding time and the applied pressure were maintained equal
to 2 min and 16 MPa, respectively. In particular, the use of higher me-
chanical pressure was avoided to prevent samples breakage during SPS.
Fig. 3 (red line) shows that the bulk density progressively increased from
about 2.82-2.99 g/cm® (equivalent to an increase in relative density
from 93.6% to 99.3%) as Tp was raised from 650 to 800°C. A further
increase of the sintering temperature up to 900°C led to nearly fully
dense samples (99.65%).

Compositional and microstructural changes occurring when Bio_MS
powders were processed at different temperatures by SPS were investi-
gated by XRD analysis (Fig. 4). The diffraction patterns of samples
produced up to Tp= 800°C are characterized by the halo peak typical of
an amorphous glass, as observed for the starting powders. As reported in
our past works [18,34], also in the present study the glass phase was

100

3.01 g/em’

Density (g/cms)
(% *IM) UODBZI[[BISAID JO U3

2.65 - m . » u : =0
650 700 750 800 850 900
T, C0)

Fig. 3. Influence of the dwell temperature on the density and degree of crys-
tallization of Bio_MS samples produced by SPS (tp=2 min, P = 16 MPa).
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Fig. 4. XRD patterns of Bio_MS samples sintered at various temperatures.
Original glass powders data are also shown for the sake of comparison. Black
dots are experimental data; the red line is the calculated fit. The bar sequence
marks the expected peak positions from the values of lattice parameters and
space group of the crystallographic phases. Details on the amount of each phase
and related microstructural parameters are reported in supplementary Table S1.

described as CajsNage4SigO3, which was modelled using a
pseudo-crystalline structure factor (Ca; sNag 64SigO3 phase; symmetry:
trigonal; space group: R-3m; crystallite size: 20 A; microstrain: 0.03)
following the LeBail approach [36].

The XRD pattern of the sample sintered at 815 °C is still dominated
by the amorphous peak but some Bragg reflections start to appear
(Fig. 4). Based on Rietveld analysis, whose results are reported in
supplementary Table S1, these peaks are associated with two poly-
morphs of CaSiO3 ($-CaSiOs, wollastonite, triclinic P-1, a-CaSiO3 and
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pseudowollastonite, monoclinic C2/c), whose amounts were estimated
to be about 15.2 and 4.8 wt%, respectively. Crystallization phenomena
proceeded as the sintering temperature was progressively increased.
Thus, the amorphous fraction present in SPS samples obtained at 830°C
was reduced to 50.4 wt%, to form mostly pseudowollastonite (29.9 wt
%) and, albeit in smaller amounts, wollastonite (19.7 wt%). This trend
continued as the temperature was further increased. Finally, pseudo-
wollastonite was the dominant phase (61.4 wt%) found in the Bio_MS
derived sample produced at 900°C, followed by the amorphous one
(25.5 wt%), and wollastonite (13.1 wt%) (supplementary Table S1).

The crystallization degree in SPS specimens is plotted in Fig. 3 as a
function of the dwell temperature (blue line). Highly dense (>99%) and
fully amorphous Bio_MS samples can be obtained by SPS at 800°C, while
equally dense but partially crystallized samples resulted when operating
at higher temperatures.

The structural/compositional changes of the glass powders under-
going SPS as discussed above are also responsible for the change in
colour of the resulting bulk samples (Fig. 5). The 93.3% dense sample
sintered at 650°C showed only slight darkening compared with the
initial white Bio_MS powders. In contrast, as the Tp value was raised
from 700 to 800 °C, the resulting highly dense, and still amorphous,
products display a progressive and marked darkening. However, at
sintering temperatures at or above 815°C, the samples behave in the
opposite way and become progressively lighter in colour. This agrees
with similar findings from our previous studies on other glass systems
[18] and can be explained as follows. The whitish visual appearance of
the sample sintered at 650°C can be readily attributed to its residual
porosity, which induces light scattering. As the sintering temperature
increases progressively without inducing devitrification (700-800°C
range), the pores are gradually eliminated (with the relative density
increasing from 97.77% to 99.51%), thereby reducing the latter effect.
As observed in Fig. 4, the onset of crystallization occurs at 815°C; the
nucleation of the newly formed crystals causes a refractive index
mismatch between the crystals and the glass matrix. Consequently, light
scattering is re-induced, making the sample appear slightly lighter than
the non-crystallized one produced at 800°C. This phenomenon becomes
progressively more pronounced as the temperature is raised from 830°C
to 900°C, a range in which the degree of crystallization in the sintered
sample gradually increases up to 74.5 wt%. It is worth noting that
within the 800-900°C temperature range, the densification level of the
SPS samples varies only minimally (between 99.51% and 99.65%).
Therefore, porosity plays no role in light scattering within this interval.

3.2.1. Mechanical properties

The results of the microindentation tests performed under a
maximum load of 250 mN are summarized in Table 2. Both HV and E;p
values agree with those previously reported in the literature for BGs with
comparable compositions [18,34,48]. However, the mechanical prop-
erties were found to vary depending on the sintering conditions. In
particular, the specimen treated at 900 °C exhibited higher HV and E;t
values compared with the samples sintered at lower temperatures. For
hardness (HV), the ranking was 900 °C > 750 °C > 815 °C, whereas for
indentation modulus (EIT) it was 900 °C > 815 °C > 750 °C.

In contrast to the elastic modulus, which progressively increases with
increasing sintering temperature, Vickers hardness is strongly affected
by local plastic deformation, residual porosity, microstructural hetero-
geneity, phase evolution, and residual stresses [49]. Therefore, the

Journal of the European Ceramic Society 47 (2027) 118945

Table 2

Vickers hardness (HV) and Young’s Modulus (E;r) measured at a maximum
indentation load of 0.25 N of the SPS sintered Bio_MS samples at three different
temperatures: 900 °C, 815 °C, and 750 °C.

Sample Vickers Hardness (HV) Elastic Modulus Epr (GPa)
Bio_MS 900 °C 828.8 + 53.4 108.3 + 3.9
Bio_MS 815 °C 686.4 + 64.6 100.3 + 4.7
Bio_MS 750 °C 758.3 + 38.2 93.16 + 2.9

lower Vickers hardness measured for the Bio_MS sample sintered at 815
°C can be attributed to the microstructural evolution occurring in this
intermediate sintering-temperature range.

At 750 °C, the relatively low hardness may be mainly associated with
incomplete densification and the presence of residual porosity. Upon
increasing the SPS temperature to 815 °C, the Bio_MS structure pro-
motes structural rearrangement and the onset/partial development of
crystalline domains within the glassy matrix. Such a partially crystal-
lized and heterogeneous microstructure may introduce glass/crystal
interfaces and residual stresses, which can locally facilitate deformation
and crack initiation during indentation. Consequently, the sample pro-
cessed at 815 °C exhibits the lowest Vickers hardness, despite its higher
elastic modulus compared with the sample sintered at 750 °C. On the
other hand, at 900 °C, the more advanced structural evolution and
increased densification lead to a more consolidated microstructure and a
reduced contribution of residual porosity.

Crystallization is considered to have a disadvantageous effect on
bioactive glasses on several levels, and, in many cases, the crystallization
of bioactive glasses takes place before significant densification can be
achieved through sintering [50]. Therefore, the non-linear trend in
Vickers hardness may be attributed to the competition between densi-
fication and crystallization phenomena occurring during SPS.

Moreover, the findings reveal that the mechanical properties of the
Bio_MS were slightly higher than those reported in similar studies [51,
52]. This can be attributed to the addition of Mg and Sr ions. In fact,
these ions can affect the network structure, improving the mechanical
properties of the BGs [51].

3.2.2. Bioactivity behaviour

The in vitro bioactivity of the sintered Bio_MS samples was evaluated
through SBF immersion tests by monitoring the pH evolution and ana-
lysing the surface modifications occurring during soaking. The pH
behaviour is characteristic of BGs and is related to the ionic exchange
between alkali and alkaline-earth ions released from the glass network,
mainly Na* and Ca?*, and H30" ions from the surrounding solution [53,
54]. This process promotes the dissolution of the glass surface, the for-
mation of silanol groups (Si—~OH), and the consequent alkalization of the
medium [39,53,54]. At longer immersion times, the pH values tended to
stabilize, indicating the gradual establishment of equilibrium between
dissolution and precipitation phenomena [53].

For all the investigated samples, the pH of the solutions progressively
increased with immersion times, with the largest increase occurring
between 48 and 96 h (Fig. 6). The extent of the pH variation was
strongly affected by the sintering temperature. In particular, the sample
sintered at 750 °C showed the highest increase in pH, suggesting a
greater initial dissolution rate and higher surface reactivity. The sample
sintered at 815 °C displayed an intermediate behaviour, although very
similar to that of the sample sintered at 750 °C. Conversely, the sample

Powders  650°C  700°C  750°C

800°C

815°C  830°C  850°C  900°C

Fig. 5. Optical images of initial Bio_MS powders and the corresponding bulk samples produced by SPS at different Tp values (P = 16 MPa, tp=2 min).
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sintered at 900 °C exhibited a less pronounced pH increase, which can be
associated with the combined effect of increased densification and
partial crystallization induced by the thermal treatment, resulting in a
lower reactive surface area and reduced ion release.

The in vitro bioactivity of a BG, in particular its ability to induce HAp
formation, can be assessed using Raman spectroscopy. The results of the
analysis are reported in Figs. 7-9, which illustrate the Raman spectra of
Bio_MS samples before immersion and after 1, 3, and 7 days of soaking in
SBF. The Raman spectra were analyzed in the 200-1200 cm™! region, as
this interval encompasses the main vibrational bands of both silicate
glasses and HAp. The spectra confirmed the progressive formation of
calcium phosphate phases, which evolve into an HAp-like phase on the
sample surfaces during immersion in SBF.

In particular, the non-immersed Bio_MS sample, heat-treated at 750
°C and therefore remaining largely amorphous (Fig. 7), exhibited the
broad Raman features typically observed in Na:0-CaO-SiO:-based
glasses [55]. A broad band centered at approximately 620-635 ¢cm™ can
be attributed to vibrations of the silicate network, with its exact position
depending on the SiO: content of the glass [56]. The spectrum is
dominated by an intense band at around 950-960 cm™ , commonly
attributed to the symmetric stretching vibration of PO4 groups, although
overlapping contributions from depolymerized silicate species cannot be
excluded. This intense feature partially obscures weaker silicate-related
contributions in the 800-1150 cm™ region, which are observed only as
broad shoulders, particularly on the high-wavenumber side of the main
peak. The predominance of broad Raman features and the absence of
sharp peaks are consistent with the predominantly amorphous character
of the sample.
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The Raman spectra of the non-immersed Bio_MS samples reveal a
progressive devitrification of the glass with increasing heat-treatment
temperature. While the sample treated at 750 °C displays broad bands
characteristic of an amorphous glassy network, the spectrum recorded
after treatment at 815 °C (Fig. 8) shows the onset of structural ordering,
as evidenced by the narrowing and improved resolution of some Raman
features. Extensive crystallization is observed at 900 °C (Fig. 9), where
numerous sharp and well-defined peaks indicate the transformation of
the parent glass into a glass-ceramic material. The marked increase in
spectral resolution and the appearance of well-defined vibrational
modes are consistent with the extensive crystallization revealed by the
XRD-Rietveld analysis (see Fig. 4), which identified pseudowollastonite
as the predominant phase, together with smaller amounts of wollas-
tonite and a residual amorphous fraction.

The first Raman signals attributable to HAp-like phase formation
were already faintly detectable after 1 day of immersion. The intensity
of these bands progressively increased after 3 days and, even more
markedly, after 7 days, demonstrating the continuous growth of an
apatite layer on the sample surface.

For the Bio_MS sample sintered at 750 °C after 7 days of immersion
(Fig. 7), the Raman spectrum exhibits the characteristic features of an
HAp-like phase precipitated in vitro. In particular, the bands associated
with Si-O-Si stretching vibrations become less intense, while the band
related to POa groups shifts towards higher wavenumbers, reaching
approximately 960 cm™ , and shows a marked increase in relative in-
tensity. This band, which can be considered a distinctive spectroscopic
signature of apatite phases, is assigned to the totally symmetric
stretching mode of POs tetrahedra. Additional bands emerge at
approximately 590 cm™ and 430 cm™ , corresponding to the bending
modes of the PO. group, while a further peak appears at about
1070 cm™ . This latter feature is attributed to carbonate groups and is
not present in stoichiometric HAp, indicating that the apatite formed
during in vitro testing is carbonated, as widely reported in the literature
for bioactive materials exposed to physiological-like environments
[57-59].

The kinetics of apatite formation were strongly influenced by the
heat-treatment temperature and, consequently, by the degree of crys-
tallization of the material. The sample sintered at 750 °C (Fig. 7), which
retained a predominantly amorphous structure, exhibited the most rapid
development of HAp-related Raman features. In particular, the intense
band at ~960 cm™ became the dominant spectral feature after 7 days of
immersion, largely obscuring the contributions from the underlying
glassy matrix. This behavior is consistent with the higher dissolution
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Fig. 7. Raman spectra of Bio_MS samples sintered at 750 °C before SBF immersion and after 1, 3, and 7 days of soaking in SBF. From bottom to top: sample before
immersion (blue), and samples immersed for 1, 3, and 7 days (orange, green, and light blue, respectively). The red dashed lines indicate the characteristic Raman

bands associated with HAp-like phase formation.
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rate typically associated with amorphous bioactive glasses, which pro-
motes a faster supersaturation of the surrounding medium with Ca®* and
PO.* - ions and, consequently, a more rapid precipitation of apatite.

In contrast, the samples treated at higher temperatures showed a
slower evolution of the HAp-related bands. Although clear evidence of
apatite formation was observed after 7 days of immersion, Raman fea-
tures associated with the original crystalline phases remained detect-
able, particularly in the sample sintered at 900 °C (Fig. 9). This
observation suggests that the higher degree of crystallization reduced
the initial reactivity of the material and slowed the surface conversion
process, while preserving its ability to develop a bioactive apatite layer
over longer immersion times.

It is worth noting that the assignment of the reaction products as an
HAp-like phase was based on the simultaneous observation of the
characteristic phosphate vibrational modes at approximately 430, 590,
and 960 cm™ and of the carbonate-related band at approximately
1070 cm™ , rather than on the 960 cm™ band alone. The identification
was further supported by the Ca- and P-rich deposits detected by SEM/
EDS.

The surface morphology of the Bio_MS samples after 7 days of im-
mersion in SBF was investigated by FEG-SEM and EDS analysis (Fig. 10).

Additional images for immersion times of 1 and 3 days are reported in
the Supplementary Materials (Fig. S1). In all cases, the presence of Ca-
and P-containing deposits could be observed on the sample surfaces,
indicating the occurrence of mineralization phenomena during soaking.
The sample sintered at 750 °C (Fig. 10a,b) exhibits numerous globular
precipitates distributed over the surface. In addition, the characteristic
cracked and flake-like morphology observed over large areas of the
sample is commonly reported for bioactive glasses after immersion in
SBF and is generally associated with the formation of a hydrated silica
gel layer. During the bioactivity process, dissolution of the glass network
leads to the formation of a silica-rich hydrated layer, which acts as a
favorable substrate for the subsequent nucleation and growth of calcium
phosphate phases. Upon drying, this gel layer typically undergoes
shrinkage, resulting in the formation of cracks and exfoliated regions.
EDS analysis performed on the selected area confirms the presence of
calcium and phosphorus, suggesting the formation of calcium phosphate
reaction products. For the sample sintered at 815 °C (Fig. 10¢,d), a
similar morphology can be observed, with an extended cracked surface
layer covered by fine granular deposits. The corresponding EDS spec-
trum reveals a marked presence of Ca and P, further supporting the
precipitation of calcium phosphate phases. The Au peaks detected in the



M. Tetti et al.

Bio_MS 750 °C

Journal of the European Ceramic Society 47 (2027) 118945

Bio_MS 815 °C

Bio_MS 900 °C

®O |
y
g
g
£
1 Meglau
E . 41y
a’ ANl Ca
Ca
0 1 2 3 4 5 6 7 8 9 10
Energy (KeV)
@ T la
g
N
-0 Mg“ Au
£ 4
= [l
T e ’
., A
W 1 M
0 1 2 3 4 5 6 7 8 9 10
Energy (KeV)
® |7
_:'»
2
<
.; I\ g
§ N% Au Ca
= al
= \ a A
Cal |1 l(‘a
o 1 2 3 4 5 6 7 8 9 10
Energy (KeV)

Fig. 10. FEG-SEM micrographs and EDS analyses of sintered Bio_MS samples after 7 days of soaking in SBF. The EDS spectra refer to the highlighted (red) areas

shown in the micrographs. (a, b) 750 °C; (c, d) 815 °C; and (e, f) 900 °C.

spectrum originate from the conductive coating applied prior to SEM
observation. The specimen sintered at 900 °C (Fig. 10e,f) shows a
markedly different surface morphology, characterized by a porous re-
action layer in which the typical cracked silica-gel appearance is less
evident. EDS analysis again confirms the coexistence of calcium and
phosphorus within the deposited phase, indicating that mineralization
also occurred on the most crystallized material. The less pronounced
development of the characteristic silica-gel morphology may suggest
slower surface reaction kinetics, likely associated with the higher degree
of crystallization of the sample.

Overall, SEM and EDS observations demonstrate that all SPS-
processed Bio_MS samples retain the ability to promote the formation
of Ca-P-rich deposits after immersion in SBF. These findings are
consistent with the Raman spectroscopy results discussed in the previous
section, which confirmed the formation of HAp-like compounds on the
sample surfaces and suggested that the surface reaction kinetics were
influenced by the sintering temperature.

It is worth noting that the samples analyzed in this study formed an
apatite layer within 7 days in SBF, which is comparable to or faster than
the 7-14 days reported for HAp formation in Sr/Mg doped or co-doped
bioactive glass nanoparticles and markedly faster than the delayed
apatite formation reported for Mg-containing glasses [29,60]. The
retained bioactivity despite the presence of Mg confirms that MgO
content in Bio_MS lies below the threshold at which Mg inhibits apatite

nucleation and crystallization, consistent with the optimal balance re-
ported by Moghanian et al. at ~5 mol% MgO [8,61].

3.2.3. Ion release measurement

The ICP-MS analysis of the investigated ionic species (Fig. 11) pro-
vided useful information on the dissolution behaviour of the BG samples
and on their interaction with the physiological medium during immer-
sion in SBF for 1, 3, and 7 days [62,63]. The obtained ion release trends
were consistent with the pH, Raman, and SEM/EDS results discussed
above and provided further information on the dissolution behaviour of
the SPS-processed Bio_MS samples. Overall, the results confirmed the
progressive dissolution of the glass network together with the simulta-
neous formation of calcium phosphate phases on the material surface.

Silicon release (Fig. 11a) progressively increased with immersion
time for all samples, reflecting the gradual dissolution of the silicate
network. However, the extent of Si release strongly depended on the
sintering temperature. The sample sintered at 750 °C exhibited the
highest silicon concentration at all investigated time points, followed by
the specimen treated at 815 °C, whereas the lowest values were
measured for the sample sintered at 900 °C. This trend is consistent with
the different degrees of crystallization induced by SPS. The predomi-
nantly amorphous material obtained at 750 °C is expected to dissolve
more readily, whereas the increasing crystallized fraction at higher
temperatures reduces the dissolution rate.
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Fig. 11. Ion release measurements of sintered Bio_MS samples soaked 1, 3, and 7 days in SBF: (a) Silicon; (b) Sodium; (c) Calcium; (d) Phosphorus; (e) Magnesium;

and (f) Strontium.

Sodium release (Fig. 11b) showed only limited variations among the
investigated samples. This behavior is consistent with the relatively low
NazO content of Bio_MS compared with conventional bioactive glasses
such as 45S5 and reflects the rapid establishment of ion-exchange
equilibria during the early stages of immersion.

Calcium release (Fig. 11c) followed the same general trend observed
for silicon. The concentration of Ca in solution progressively increased
with immersion time and was systematically higher for the samples
sintered at lower temperatures. Calcium plays a key role in the bioac-
tivity mechanism of silicate glasses, contributing to the supersaturation
of the surrounding medium and promoting the precipitation of calcium
phosphate phases. The greater calcium release observed for the 750 °C
and 815 °C samples is therefore consistent with their higher reactivity.

Phosphorus exhibited the opposite trend (Fig. 11d). In all cases, its
concentration remained below the initial value present in SBF and
generally decreased with immersion time, indicating its progressive
consumption during the formation of calcium phosphate deposits. This
behavior agrees well with the Raman and SEM/EDS observations, which
demonstrated the development of HAp-like phases on the sample sur-
faces. Interestingly, the sample sintered at 900 °C showed the most
pronounced reduction in phosphorus concentration already after 1 day
of immersion, while the calcium concentration remained close to the
initial value present in SBF. This observation suggests that, at this early
stage, the decrease in P should not be directly interpreted as evidence of
HAp formation. Rather, it may reflect initial phosphate adsorption
phenomena or the formation of early calcium-phosphate nuclei that
have not yet evolved into a mature apatite layer. This interpretation is
consistent with the slower surface reaction behavior observed for the
most crystallized sample.

The release of magnesium and strontium (Fig. 11e,f) is particularly
relevant because these ions are known to positively influence osteo-
blastic activity and bone regeneration processes [27,28]. Both ions
showed a progressive increase in concentration with immersion time,
confirming their continuous release from the glass matrix. In general,
the release behavior followed the same trend observed for silicon and
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calcium, with lower sintering temperatures promoting greater ion
dissolution. However, unlike Si and Ca, the differences among the
samples were less pronounced for Mg and, especially, for Sr. Interest-
ingly, the specimen sintered at 815 °C exhibited Sr concentrations
comparable to, or even slightly higher than, those measured for the fully
amorphous sample after longer immersion times. This observation
suggests that crystallization does not simply reduce the overall ion
release but may also modify the release kinetics of specific cations
through changes in phase composition and microstructure. Therefore,
partial devitrification appears capable of modulating the delivery of
therapeutic ions while maintaining significant Sr and Mg release.

In general, ion release values are consistent with the diffusion-
controlled kinetics reported by Fredholm et al. for Sr-substituted
glasses, where Sr release increases linearly with Sr content and Si/Sr
concentrations scale with the square root of time in the early stages [62].
Notably, whereas Mg is known to retard dissolution when present at
high concentrations, our 5 mol% MgO content preserves a relatively
high ion release, in line with the low-substitution regime identified by
Wetzel et al. for 4555 [64].

Overall, the ICP-MS results demonstrate that the degree of crystal-
lization induced by SPS directly influences the dissolution behavior of
Bio_MS. Lower sintering temperatures favor ion release and accelerate
the development of a bioactive surface, whereas higher temperatures
lead to a more controlled dissolution process while still preserving the
ability of the material to release therapeutic Mg and Sr ions and promote
HAp-like phase formation. These findings further support the possibility
of tailoring the biological response of Bio_MS through SPS-induced
microstructural modifications, balancing bioactivity, ion release, and
mechanical performance.

4. Concluding remarks
The successful consolidation of the Mg and Sr co-doped Bio_MS glass

via Spark Plasma Sintering demonstrates that the historical trade-off
between achieving high material density and maintaining an
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amorphous, highly bioactive state can be effectively overcome. Taking
advantage of an exceptionally wide sintering window and a high acti-
vation energy for crystallization (370 kJ/mol), this BG composition al-
lows for the fabrication of nearly fully dense bulk structures while
completely preserving the amorphous state up to 800 °C. When crys-
tallization occurs at higher processing temperatures, it leads to the
formation of tailored multiphase glass-ceramics containing pseudo-
wollastonite and wollastonite. This structural adaptability provides a
direct mechanism to modulate the material's performance: lower sin-
tering temperatures maximize surface reactivity and accelerate early-
stage HAp deposition, whereas higher temperatures significantly
enhance Vickers hardness and Young’s modulus through densification
and controlled crystallization, while still ensuring long-term bioactivity.
In conclusion, the ability to regulate the simultaneous, controlled
release of therapeutic silicon, magnesium, and strontium ions, coupled
with reproducible structural and mechanical properties, suggests that
SPS-processed Bio_MS represents a highly adaptable and innovative
approach for advanced bone tissue engineering applications.
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