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This work considered the effect of increasing Strontium ion (Sr2+) content on the structure of a series of glasses
based on the B2O3-P2O5-CaCO3-Na2CO3-TiO2-SrCO3 series and their resultant fracture toughness when coated
onto a surgical metal substrate. Six glasses with increasing Sr2+ content (0 to 25 mol%) were synthesized and
subsequently characterized by X-ray Diffraction (XRD), Differential Thermal Analysis (DTA) and both Magic
Angle SpinningNuclearMagnetic Resonance (MAS-NMR) and Raman Spectroscopy. These techniques confirmed
that increased Sr2+ content induced more non-bridging oxygens (NBOs) into the glass network. This would be
expected to lead to de-polymerization of the glass structure, as would be evinced by lower glass transition tem-
peratures (Tgs) as Sr2+ increased within the glass series. However, Tg was found to increase with Sr2+ addition,
inferring that the strength of the ionic bond between strontium and oxygen (Sr\\O) enhanced network rigidity.
The glasseswere coated onto Ti6Al4V substrates using an enamelling technique, and the critical strain energy re-
lease rates (GIC) of the resultant coating/substrate constructs were measured. The incorporation of 15–25 mol%
Sr2+ into the glass network was found to significantly increased the toughness of the glass/Ti6Al4V constructs.

© 2016 Elsevier B.V. All rights reserved.
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1. Introduction

Scaffolds with structures designed to mimic trabecular bone have
been fabricated from borate-based glass precursors using the
Robocasting technique [1]. Such glasses can be designed to degrade in
vivo to induce Hydroxyapatite (HA) formation when in contact with
physiological fluids, thereby providing a favorable substrate for the at-
tachment and proliferation of osteogenic cells [2–7], which can assist
in the healing of critical-size segmental defects [8]. Borate-based glasses
can also facilitate treatment of osteomyelitis by stimulating bone regen-
eration [9,10].

Borate glass chemistry can be influenced by the addition of different
alkali metal and alkaline earth ions thus allowing for tunable solubility
and bioactivity [11], through a phenomena known as ‘boron anomaly’
[12]. Pure vitreous boron oxide (B2O3) is primarily constructed of
boroxol rings ([BØ3]) (Ø = bridging oxygen) linked together through

oxygen atoms [13]. Small amounts (b30 mol%) of alkali oxides (R2O)
and alkaline earth oxides (RO) introduce additional oxygen ions,
which convert two [BØ3] units into two [BØ4] units. Higher glass net-
work modifier contents (N30 mol%) induce the formation of NBOs on
borate triangular units and [BØ4] tetrahedra. The transformation of
[BØ3] to [BØ4] induces a fourth bridging boron oxygen bond per boron
center, resulting in both an increase in hardness of the glass and a rise
in glass transition temperature (Tg), thus reducing the likelihood of
the glass degrading in an aqueous environment. However, increased
formation of NBOs leads to de-polymerization of the glass network,
which decreases Tg [11].

Previous studies [14,15] have considered borate-based glasses for
clinical coating applications, confirmed their adhesion to Ti6Al4V-al-
loys. One of the advantages of borate-based glasses is that, unlike HA
and silicate glasses, they can be tailored to have similar coefficients of
thermal expansion (CTE) to Ti6Al4V [16], thus minimizing the chances
of fracture while cooling when using the glass as a coat [17].

Sr2+ incorporation into bioactive glasses increases their hardness
[18] and can stimulate bone formation [19] by increasing osteoblastic
activity and decreasing osteoclastic activity [20]. The enhanced bioactiv-
ity as a result of Sr2+ release can also contribute to the formation of a
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stable bond between bone and a surgical implant [21]. Therefore, Sr2+

incorporation is expected to have a positive influence on the bioactive
and mechanical properties of the glass series.

Plasma spraying and enamelling are two common techniques used
for coating onto Ti6Al4V substrates. However, the thermal procedure
may also cause changes in the microstructure of the coating and sub-
strate materials [22,23]. In addition, the plasma sprayed technique is
sometimes limited by the stresses generated during the different stages
of the deposition process [24]. Enamelling can be performed under con-
trolled atmospheres and temperatures without inducing structural
changes to either the coatings or substrates [25]. The thickness of the
coat is also a primary factor influencing adhesion [26,27]. A previous
study of silicate glass coatings bonded to Ti6Al4V indicated that the frac-
ture toughness of the systems utilizing ~90 μm thick coatings were
higher than that of the systems utilizing thicker coatings (200–
400 μm) [28].

Usually, tensile (pull-out) and scratch tests are used to measure ad-
hesion between the coating and substrate [14,29]. However, such tech-
niques only describe adhesion in qualitative terms, and thus cannot be
reliably used for comparative purposes between glass systems. In
order to quantify the adhesion between the coating and substrate, the
Vickers indentation fracture (VIF) test [30] and the interface indentation
fracture (IIF) test [31] have been considered. However, these techniques
are prone to large errors due to violations of model assumptions during
practical testing scenarios [28]. Another quantitative fracture mechan-
ics-basedmethod involves determining the critical mode I strain energy
release rate (GIC) using bi-layer double cantilever beam specimens orig-
inally developed for study of environmentally degraded structural ad-
hesive joints [32]. Such specimens have recently been demonstrated
to yield reliable measures of the GIC for glass coatings bonded to
Ti6Al4V-alloys [28].

In this study, a series of borate-based glasses were fabricated with
increasing Sr2+ loadings (up to 25 mol%) and subsequently character-
ized by a range of techniques to investigate the influence of increasing
Sr2+dopingon chemistry of the glass series. The glasseswere then coat-
ed onto the surface of a Ti6Al4V substrate using an enamelling tech-
nique. The influence of different Sr2+ incorporations on the GIC of the
glass coating/Ti6Al4V substrate systems were then determined using
bi-layer double cantilever beam specimens.

2. Materials and methods

2.1. Glass synthesis

Six glasses (Ly-B0 to Ly-B5) were formulated based on the B2O3-
P2O5-CaCO3-Na2CO3-TiO2-SrCO3 glass series with increasing amounts
of SrCO3 (from 0 to 25 mol%) at the expense of B2O3. The control glass,
Ly-B0, was free of SrCO3. The compositions of the glasses are presented
in Table 1. Glasses were prepared byweighing out appropriate amounts
of analytical grade reagents in powder form, firing the mixtures
(1300 °C, 1 h) in a silica crucible, and subsequently shock quenching
into water. The resulting frits were dried, ground and sieved to retrieve
powders with a mean particle size of b20 μm.

2.2. XRD analysis

Diffraction patterns were collected using a D2 PHASER (Bruker AXS
Inc.,WI, USA). Powdered samples and coated Ti6Al4V bars were packed
into stainless steel sample holders. A generator voltage of 30 kV and a
tube current of 10mAwere employed and diffractograms were collect-
ed in the range of 20° b 2θ b 80°, at a scan step size 0.02° and a count
time of 0.3 s.

2.3. Particle size analysis (PSA)

PSA was performed using a Beckman Coulter Multisizer 4 Particle
size analyzer (Beckman-Coulter, Fullerton, CA, USA). Glass samples
were evaluated in the range of 0.4–100.0 μm and the run length was
60s. Characterization was performed in water at room temperature.
Three measurements were recorded for each glass composition and
the mean and SD were collected for each.

2.4. DTA measurement

A combined differential thermal analyzer-thermal gravimetric ana-
lyzer (DTA-TGA, SDT Q600, TA Instruments) was used to measure the
Tgs and Tc1s for all glass samples. A heating rate of 20 °C/min was
employed in a nitrogen (N2) atmosphere between 0 °C to 1000 °C
using α-A2O3 as a reference.

2.5. MAS-NMR measurement

The 31P and 11BMAS-NMR spectra for the glass series were recorded
with a solid echo sequence on a Bruker AVANCE 500 NMR spectrometer
(Agilent Technologies, Inc., Santa Clara, CA, USA) using a 2.5 mm MAS
probe with spinning speeds of 20 kHz. The 90 degree pulse for the cen-
tral transition was 1.5 μs. The echo delay was 100 s. Spectra were re-
corded with at least 32 scans using a 30 s recycle time.

Fig. 1. Double layer DCB specimen [28].

Table 1
Compositions of the borate based glass series, displayed in mol%.

LY-B0 LY-B1 LY-B2 LY-B3 LY-B4 LY-B5

B2O3 59 54 49 44 39 34
CaCO3 13 13 13 13 13 13
P2O5 3 3 3 3 3 3
Na2CO3 15 15 15 15 15 15
TiO2 10 10 10 10 10 10
SrCO3 0 5 10 15 20 25
Total 100 100 100 100 100 100
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2.6. Raman spectroscopy measurement

Raman analysis was conducted using a Sierra Reader (Snowy Range
Instruments, WY, USA), employing a red laser with an excitation wave-
length of 785 nmand power of 72mW. Each scan lasted 10 s and 5 scans
in total were performed for each sample, the average of which was re-
corded. The Sierra Reader built-in software (Snowy Range Peak Soft-
ware v3.13) combined with GRAMS software (Waltham, MA, USA)
was used to generate the spectral data. The peaks in the Raman spectra
were fitted using the Gaussian function.

2.7. Fabrication of glass coatings on Ti6Al4V substrate

Ti6Al4V plates (88.9 mm × 12.7 mm × 3.2 mm) (McMaster-Carr,
Elmhurst, Illinois, USA) were polished using 1200 grit sand paper and
cleaned using ethanol. The average roughness, Ra, of the plates after
polishing was found to be 0.5–0.6 μm. In order to release the residual
stresses in the Ti6Al4V plates before coating they were heated without
any constraints up to 650 °C for 15 min. The furnace was then shut off
and the plates were allowed to cool down to the room temperature
within the furnace.

Glass powder (b20 μm) and ethanol (0.16 g glass per 1.2ml ethanol)
weremixed inside a standard 5ml syringe for approximately 1min and
deposited on the surface of the Ti6Al4V plate placed on a leveled table.
The coated samples were air-dried for 30 min at room temperature,
and then were reheated to a temperature between Tg and Tc1for
15 min to keep the glassy nature of the coatings. The furnace was then
shut off and the coated samples were allowed to cool down within the
furnace.

Coating thicknesses were determined using an optical non-contact
profilometer (Microphotonics Inc., NanoveaST400). Three parallel pro-
file traces 4 mm apart along the longitudinal axis of the substrate with
a step size of 5 μmwere obtained both before and after coating the sur-
face. The waviness profile was extracted by applying a Gaussian filter
with a cut-off wavelength of 0.25 mm. The difference in the resulting
profiles yielded three thickness profiles per specimen. Point by point av-
erages and standard deviations for each thickness profile were calculat-
ed and averaged to obtain the overall average thickness and standard
deviation for each specimen.

2.8. Bi-layer DCB specimen

Similar to Matinmanesh et al. [28], bi-layer DCB specimens (Fig. 1)
were used to measure the GIC. First, a thin layer of a room temperature

cure epoxy (J-B Weld 8265-S Cold Weld Compound, Sulphur Springs,
TX, USA) was spread onto the glass-coated adherents. A 0.7 mmdiame-
ter wirewas then inserted around the periphery of the coated specimen
to ensure that the bond line between glass and the substrate remained
visible during the test. The wire was removed after approximately
10 min, by which point the epoxy had set. Then the “double sandwich”
specimen was clamped and left at room temperature for 48 h to allow
complete cure of the epoxy. Two hinges were glued to the free ends of
the specimen (Fig. 1) using the quick set epoxy. The bond line between
the glass and substrate was covered with diluted type writer correction
fluid, and the length of bond line was marked at fixed intervals to facil-
itate crack length measurement during testing.

2.9. Measurement of critical strain energy release rate (GIC) of the coating/
substrate system

A United Universal Tester (STM series, United Testing Systems, Inc.,
Huntington Beach, CA, USA) with a 500 N load cell was utilized in dis-
placement control at a crosshead displacement rate of 0.5 mm/min to
load the hinges on the specimens using friction grips. The crack propa-
gation was monitored by a digital microscope camera (OptixCam Sum-
mit SK2-14X, Roanoke, VA, USA) having a field of view of 3 mm, which
was mounted on a motorized stage. As discussed in detail in
Matinmanesh et al. [28], multiple GIC measurements could be obtained
for each specimen by repeatedly loading the specimen until the crack

Fig. 3. Particle size of the borate-based glasses.

Fig. 2. The XRD patterns of (a) the original glasses and (b) glass coatings on the Ti6Al4V substrates.
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propagated in a stable manner. Three samples for each coating were
tested.

The GIC was calculated as:

GIC ¼ 12P2
maxa

2

Esw2t3s
ð1Þ

where Pmax was the load necessary to propagate the crack, w the width
of the substrate, Es the Young's modulus of the substrate (110 GPa) and
a the distance from crack tip to the hinge's axis of rotation (Fig. 1).

2.10. Statistical analysis

One-way analysis of variance (ANOVA) was employed to assess the
significance of the changes in the measured GIC and glass particle size
brought about by changes in the glass compositions. The comparison
of relevantmeanswas performed using the post hocBonferroni test. Dif-
ferences between groups were deemed significant when p ≤ 0.05.

3. Results and discussion

3.1. XRD and PSA

The XRD patterns of the glasses in their as fired forms and as enam-
elled coatings on the substrates are shown in Fig. 2 (a) and (b), respec-
tively. The broad XRD curves without any detectable sharp peaks
confirmed the amorphous nature of all original glasses and coatings.
Crystalline phases influence the solubility, biocompatibility and me-
chanical properties of bioactive glasses [33]. The PSAdata of the glass se-
ries is shown in Fig. 3. The mean particle size of each glass was
approximately 10 μm throughout the series. There was no significant
difference (p ≥ 0.05) between the particle sizes of the six glasses.

3.2. DTA

Tgs and Tc1s of the glass series are recorded in Table 2. Fig. 4 shows
the variation of glass transition temperature (Tg) of the borate based
glass series. Tg can elucidate changes in glass structure resulting from
the addition of cations. In this glass series, Sr2+ is expected to act as a

network modifier [11,18]. It has been reported that Tg decreases with
the formation of NBOs which is induced by an increased concentrations
of networkmodifiers, because NBOs can cause de-polymerization of the
glass network [11]. However, as shown in Fig. 4, Tg gradually increases
with increased Sr2+ contents in the glass series. It has been reported
that there is a positive correlation between Tg and the hardness and
the elastic modulus of glasses [34,35].

3.3. 31P and 11B MAS-NMR spectroscopy

The results of MAS-NMR spectroscopy for both 31P and 11B are
shown in Figs. 5 and 6, respectively. Considering the chemical composi-
tion of the glasses, chemical shifts in the range of−8 to−0.2 ppm [36,
37], were recorded in spectra source from 31P MAS-NMR, representing
the phosphate tetrahedral structure, where one phosphate atom
bonds to two NBOs and one boron atom through an oxygen atom in
phosphate-boron glasses. In these glasses, both phosphate and boron
act as network formers [36]. Chemical shifts at 5.3 ± 0.2 ppm are
assigned to phosphate tetrahedra with three NBOs [38], related to the
deconstruction of the phosphorus network [36]. In this borate based
glass series, the shifts increased from−0.27 ppm to 3.08 ppmwith ad-
dition of Sr2+ (Fig. 5). The shift to higher ppm values has been con-
firmed to be related to the depolymerization of the phosphate
network [39]. Therefore, it can be concluded that phosphate assumes
the role of a network former and the increasing Sr2+ contents intro-
duces a higher concentration of NBOs in this glass network.

Two peaks are present in all 11BMAS-NMR spectra. One is a centrally
symmetric peak in the region of 0.2 to 0.6 ppm,which is assigned to the
four-coordinated borate units (BO4) [36,37]. The other one is a
quadrapole broadened peak, centered at around 11 ppm, which arises

Fig. 6. 11B MAS-NMR spectra of the borate-based glass series.

Fig. 5. 31P MAS-NMR spectra of the borate-based glass series. The peak position of each
glass is tagged on the right side.

Fig. 4. Glass transition temperature (Tg) of the borate-based glass series.

Table 2
Thermal profiles (DTA curve) of the borate based glass series.

(°C) Ly-B0 Ly-B1 Ly-B2 Ly-B3 Ly-B4 Ly-B5

Tg 500 510 521 525 535 550
Tc1 677 690 650 618 629 649
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from the presence of trigonal boron units (BO3) [34,36]. Based on previ-
ous studies of 11BMAS-NMR, BO4 units and BO3 units are assigned in the
region of−10 to 2 ppm [34,37] and 5 to 15 ppm [36], respectively. The
BO3 quadrupolar line can be approximated as a Gaussian in order to ob-
tain the relative ratio of BO3 and BO4 units [38]. The ratio of N4 (BO4 /
(BO3 + BO4)) in the six glasses (from Ly-B0 to Ly-B5) are: 0.47, 0.43,
0.42, 0.41, 0.40 and 0.37. This fact indicates that more NBOs were intro-
duced in the glass network with more addition of Sr2+ contents in the
glass series. Previous studies [40,41] of borate glasses have suggested
that the fraction of N4 in the glass decreased with increasing addition
of glass network modifiers, particularly when they account for
N40 mol% [42,43], of the glass compositions. It has been reported that
boroxol (BØ3) and tetraborate (BØ4) groups are predominant in borate
glasses when they contain b20 mol% of network modifiers. The
tetraborate (BØ4) and diborate group (B4O5Ø4

−) (O = NBO) become
the prevalent groups in borate glasseswhen 20–30mol% networkmod-
ifiers are incorporated [13]. Borate glasses with 35–50 mol% of network
modifiers consist of diborate units, ring-type metaborate units
(metaborate BØ2O−), pyroborate units (B2ØO4

4−) and orthoborate
units (BO3

3−). In this project, since only B2O3 and P2O5 are the glass

network formers, the network modifiers account for 43–63 mol% in
the compositions of Ly-B1 to Ly-B5. Thus, more NBOs should be intro-
duced bymore addition of Sr2+ in the glass series. Therefore, our results
of 11B NMR are in good agreement with the previous studies.

3.4. Raman spectroscopy

The resultant Raman spectra are presented in Fig. 7. It is apparent
that the spectra are dominated by a broad peak centered at
1320 cm−1 with a shoulder at 1500 cm−1. In addition, three Raman
bands are exhibited at 770 cm−1, 860 cm−1 and 940 cm−1. The intensity
of the band at 770 cm−1 decreases with increasing Sr2+ contents, while
the band intensities at 860 cm−1 and 940 cm−1 increasewith addition of
Sr2+ (observed in the fitted Raman spectra, Fig. 8). Finally, based on the
fitted Raman spectra, the peak areas under 860 cm−1, 1320 cm−1 and
1500 cm−1 increase with increased Sr2+ content.

According to previous Raman studies, the peak at 774 cm−1 is
assigned to the symmetric breathing vibration of six-member rings
with one [BØ3] replaced by [BØ4] [11,44]. The Raman band at
860 cm−1 is related to the symmetric stretching vibrations of B\\Ø\\B
bonds from [B2ØO4]4− [44]. Correspondingly, the bands ranging from
1315 to 1350 cm−1 are attributed to the stretching vibration of terminal
B\\O− bonds of [B2ØO4]4− [45]. Raman band at 940 cm−1 corresponds
to [BØ4] bonding to NBO-containing groups instead of pure [BØ4] [46].
The Raman bands centering at 1480–1500 cm−1 are due to the presence
of [BO2O]− [11,45]. The assignments of Raman bands of the borate
based glass series are summarized in Table 3.

Therefore, the increasing intensity of Raman bands at 860 cm−1,
940 cm−1, 1320 cm−1 and 1500 cm−1 indicate the increased presence
of [BØ2O]− and [B2ØO4]4−within the glasseswith Sr2+ incorporation. It
is the formation of NBO that make [BØ3] and [BØ4] units convert into
[BØ2O]− and [B2ØO4]4− [11]. The results of Raman spectroscopy dem-
onstrate that the increased addition of Sr2+ induces more NBOs in the
glass network, which confirm the results of MAS-NMR spectroscopy.

The results of MAS-NMR and Raman spectroscopy indicate that in-
creasing Sr2+ content within this glass series introduces more NBOs in
the glass structure. Therefore, Tgs of the glasses will be expected to de-
crease with increased addition of Sr2+. However, this is inconsistent
with the results of DTA. It is postulated that boron-oxygen bonding, or
the ratio of NBO/BO, is not the only factor influencing Tg. A second factor
is metal-oxygen bonding (R\\O) which provides additional cross links
across the borate segments of the glass network which influences Tg

Fig. 8. Fitted Raman spectra of the borate-based glass series.

Fig. 7. Raman spectra of the borate-based glass series.
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[11]. The ionic R\\O bonding increases Tg by enhancing network rigidi-
ty; the effect depending on the strength of R\\O (FR\\O), which was de-
fined as [11]:

FR–O ¼ 4π2C2μυ2eff ð2Þ

where C=speed of light, μ=reducedmass of cation site vibration, and
νeff = effective cation site vibration frequency in FT-IR analysis [11].

The literature confirms that Tgs of borate glasses increase with the
enhancement of FR\\O [47]. In addition, FR\\Os of alkaline earth ions,
such as Ca2+ and Sr2+, are higher than those of alkali ions, such as
Na+ and K+, because divalent ions provide higher coordination num-
bers with oxygen atoms [48]. Other studies [49,50] have demonstrated
that increasing Sr2+ content gradually increases Tg in borate-based glass
systems. As a result, the increasing amount of Sr\\Obonding in the glass
structure lead to a gradual increase in Tg.

3.5. Measured critical strain energy release rate (GIC) of the constructs

The GIC values and the thickness of the glass coatings are shown in
Fig. 9. The mean thickness of the coatings was approximately 95 μm,
and therewasno significant difference (p ≥ 0.05) among the thicknesses
of all the samples. The mean GIC values increased from 6.56 J/m2 for the
system using the Ly-B0 glass to 14.61 J/m2 for the Ly-B5. The increase in
GICwith 15–25mol% addition of Sr2+ contents in the glass series, i.e., Ly-
B3, Ly-B4 and Ly-B5, was statistically significant (p ≤ 0.05), while there
was no significant difference (p ≥ 0.05) among the GIC values for Ly-B0,
Ly-B1 and Ly-B2. A previous study of borate glasses found that a higher
Young's modulus generally correlated with a higher fracture toughness
[51]. In addition, Tg has been proven to correlate positivelywith Young's
modulus [34,35]. In the present study, Tg increased with Sr2+ addition
in the glass compositions. Thus,we assumed that the observed increases

inGICwith increasing Sr2+ contents could be linked to the associated in-
crease in Tg.

There is limited literature around GIC data for bioactive glass,
bioceramic and glass ceramic coatings. Previous studies have reported
GIC values of 0.8 J/m2 for a bioceramic coating on an aluminum substrate
[52], and 0.065 J/m2 for a glass-ceramic trabecular-like coating on a ce-
ramic substrate [53]. Another study indicated that GIC of a silicate glass
coating with thickness of 90 μm was 6.2 J/m2 [28]. Since GIC can be a
measurement of the fracture toughness of the coating/substrate system
[54], we concluded that the incorporation of 15–25mol% Sr2+ enhanced
the fracture toughness of the glass coating/Ti6Al4V substrate system.

4. Conclusions

In this borate-based glass series, increasing Sr2+ content induced the
formation of larger amounts of NBOs. The high strength of ionic Sr\\O
bonding, which provides additional cross links across borate segments
of the glass network, had a greater impact than NBO formation on the
variation of Tgs, leading to gradual increases of Tgs with Sr2+ addition.
The mean GIC values of the coating/substrate system were 6.56–
14.61 J/m2 from Ly-B0 to Ly-B5. The incorporation of 15–25 mol% Sr2+

significantly increased the fracture toughness of the borate-based
glass coating/Ti6Al4V substrate system.
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