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High-temperature densification of oxide glasses influences their interatomic distances

and bonding patterns, resulting in changes in the mechanical and chemical

properties. Most high-pressure investigations have focused on aluminosilicate and

aluminoborosilicate based glasses, due to their relevance for the glass industry as

well as the geological sciences. Relatively few studies have explored the pressure-

induced changes in the structure and properties of phosphate-based glasses, although

P2O5 is an important component in various multicomponent oxide glasses of industrial

interest. In this work, we investigate the influence of permanent densification on

the structure, mechanical properties (Vicker’s hardness), and chemical durability

(weight loss in water) of binary CaO-P2O5 and ternary CaO-Al2O3-P2O5 glasses. The

densification of bulk glasses is obtained through isostatic compression (1–2 GPa) at

the glass transition temperature. The binary CaO-P2O5 series is prepared with varying

[CaO]/[P2O5] ratios to obtain glasses with different O/P ratios, while the ternary series

CaO-Al2O3-P2O5 is prepared with a constant O/P ratio of 3 (metaphosphate) but with

varying [CaO]/([CaO]+[Al2O3]) ratio. Using Raman and 31P NMR spectroscopy, we

observe minor, yet systematic and composition-dependent changes in the phosphate

network connectivity upon compression. On the other hand, 27Al NMR analysis of the

compressed CaO-Al2O3-P2O5 glasses highlights an increase in the Al coordination

number. We discuss these structural changes in relation to the pressure-induced increase

in density, Vicker’s hardness, and chemical durability.

Keywords: oxide glass, vickers micro hardness, hot compression, structure-property relationship, chemical

durability

INTRODUCTION

The application of pressure enables tuning of the interatomic distances and bonding patterns in
glassy solids (Kapoor et al., 2017c), providing an additional degree of freedom for altering glass
properties compared to varying composition or temperature alone. Understanding the gradual
or abrupt densification mechanisms involving various structural transitions is thus an important
task in glass science and engineering, but it is complicated by the intrinsic atomic-scale disorder
in glasses and the experimental difficulties in undertaking in situ high-pressure characterization
experiments (Huang and Kieffer, 2004). Permanent densification of bulk glasses can be achieved at
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a modest pressure (∼1 GPa) by high-temperature compaction,
enabling ex situ characterization and a controlled extent
of densification by the choice of pressure and temperature
treatment. Such hot compression treatments may be used as
an effective post-treatment method (Kapoor et al., 2018). More
generally, understanding the effect of densification on glass
structure and properties is important for understanding the
fracture mechanics of glasses at the atomic level (Januchta
et al., 2017), since stresses in the GPa regime are easily reached
during sharp contact deformation (e.g., Vickers indentation).
Such deformation is a typical failure mode for, e.g., cover glass
applications (Gross, 2012).

Aluminosilicate glasses are currently applied in various
technological innovations, including chemically durable, scratch
resistant, and high strength glasses for electronic and automobile
industries (Ellison and Cornejo, 2010; Kafer et al., 2013).
However, an ever-increasing demand for stronger, tougher, and
more chemically durable glasses has led to the exploration of
oxide glasses containing multiple network formers such as SiO2,
Al2O3, P2O5, and B2O3 (Ellison et al., 2014). The non-silicate
network polyhedra interact, often in unpredictable ways, by
forming a variety of structural associations, such as AlIV-BIII,
BIII-BIV, AlV, AlPO4, and BPO4 units (Gan et al., 1994; van
Wüllen et al., 1996; Chan et al., 1998, 1999; Zuchner et al., 1998;
Muñoz et al., 2006, 2007, 2008). These structural units result
in a significant modification of the atomic network topology
and related macroscopic properties. However, it is challenging
to understand these interactions unambiguously in complex
multicomponent oxide glasses. Furthermore, most of the high-
pressure investigations have focused on aluminoborosilicate
glasses with relevance for the geological sciences (Kapoor et al.,
2017c), while only relatively few studies have explored the
pressure-induced changes in structure and properties of P2O5-
containing glasses (Hirao et al., 1991; Mosey et al., 2005; Gauvin
et al., 2007, 2013; Yue et al., 2007; Brazhkin et al., 2011, 2014;
Premila et al., 2012; Kapoor et al., 2017b; Shi et al., 2018).
These previous studies reveal that the response of P2O5-based
glasses toward high pressure treatment depends on the glass
composition and the utilized compression route (e.g., cold vs.
hot compression). We recently showed that hot compression
of a binary ZnO-P2O5 at 1 GPa resulted in a decrease in the
phosphate network polymerization degree, which was possibly
compensated by an increase in Zn coordination number (Kapoor
et al., 2017b). On the other hand, pressure quenched v-P2O5

did not show any clear evidence of polymerization changes at
pressures <7 GPa (Brazhkin et al., 2011). Finally, we note that
the recent inclusion of P2O5 as a network former in various
compositions for damage resistant cover and display glasses
(Aitken, 2008; Ellison et al., 2014; Siebers et al., 2014; Gross
and Guo, 2015) further strengthens the need to understand the
influence of densification on the structure and properties of
P2O5-based glasses.

In this work, we investigate the structural and property
changes upon densification of binary CaO-P2O5 and ternary
CaO-Al2O3-P2O5 series of glasses. The former series is
prepared with a varying [CaO]/[P2O5] ratio to obtain glasses
with different O/P ratios, while the latter is prepared with

a constant O/P ratio of 3 (metaphosphate) but with a
varying [CaO]/([CaO]+[Al2O3]) ratio. Permanent densification
is achieved using an N2 gas pressure chamber with a large inner
volume, enabling the compression of bulk samples (mm to cm
range) at high pressure (up to 2 GPa) and high temperature (in
the range of the glass transition temperature, Tg). Permanent
here refers to the finding that the glasses remain in their densified
state unless they are heated to temperatures around Tg. Structural
characterization was carried out using 31P and 27Al magic angle
spinning (MAS) nuclear magnetic resonance (NMR) and Raman
spectroscopy. To link the trends in atomic-scale structural
changes with macroscopic properties, we also determined the
density, hardness (through Vickers indentation), and chemical
durability (through weight loss measurements in water).

EXPERIMENTAL SECTION

Sample Preparation
Binary CaO-P2O5 and ternary CaO-Al2O3-P2O5 series of glasses
were batched from raw materials of phosphoric acid (VWR
Scientific, 85–88%), alumina (Almatis, 99.78%), aluminum
metaphosphate (BassTech International, >98%), calcium oxide
(Avantor, 94.8%), and calcium pyrophosphate (Alfa Aesar, 96%).
Batched raw materials were calcined at 400 ◦C for 12–16 h, then
melted in a platinum crucible at 1,100–1,500◦C for 2–4 h with
an alumina cover. The glass melts were cast into stainless steel
molds, and then annealed for 2 h at their estimated Tg. Samples
with dimensions of about 10× 10× 3 mm3 were cut and the flats
were optically polished. After cutting and grinding, the samples
were then reannealed for 30min at their measured Tg (1012.2

Pa s isokom temperature as determined using beam bending
viscosity method) to ensure uniform thermal history. The beam
bending viscosity method measures the temperature dependence
of viscosity in the range from 1011 to 1013 Pa s, conforming to
ASTM C598 standard.

Ethanol was used for the initial stages of grinding and
polishing, using silicon carbide papers of grit size up to 4,000. For
the final steps of polishing, a water-free lubricant with diamond
suspension (<6µm) was used on a polishing cloth (Struers). The
analyzed chemical compositions, by inductively coupled plasma
optical emission spectroscopy (Perkin Elmer 7300V), and Tg are
given in Table 1.

The glass samples were isostatically compressed at a raised
temperature using two nitrogen gas pressure chambers: one
vertically positioned with an internal diameter of 6 cm for
compression at 1 GPa and the other horizontally positioned
with an internal diameter of 3 cm for compression at 2 GPa.
A multizone and single zone cylindrical graphite furnace was
used for compression at 1 and 2 GPa, respectively. To monitor
the temperature during the experiments, PtRh6%–PtRh30%
thermocouples were used. They were arranged in the furnaces
and coupled with the input power control electronic systems.
In both cases, the pressure was measured by manganin gauges.
The pressures and temperatures were stabilized with an accuracy
of 1 MPa and 0.1 K, respectively. Glass samples were placed in
an alumina crucible and then heated in the furnaces inside the
high-pressure reactors with a constant heating rate of 600 K/h
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TABLE 1 | Analyzed chemical compositions, glass transition temperature (Tg), density (ρ), atomic packing density (Cg), and molar volume (Vm ) of the as-prepared glasses.

Glass ID Analyzed composition (mol%) (Tg) (
◦C) Cg (-) ρ (gcm−3) Vm(cm3mol−1)

Al2O3 CaO P2O5 O/P ratio

P60 0 40.4 59.6 2.84 472 0.518 2.521 42.5

P50 0 49.9 50.1 3.00 514 0.533 2.654 37.3

P46 0 53.9 46.1 3.08 525 0.540 2.718 35.2

Al5 5.0 40.2 54.8 3.00 534 0.533 2.614 40.3

Al10 10.0 30.1 59.9 3.00 558 0.534 2.585 43.4

Al15 14.8 20.0 65.2 2.99 602 0.540 2.583 46.0

The errors in Tg, ρ, and Cg, do not exceed ±2◦C, ±0.002 g/cm3, and ±0.001. respectively.

to the ambient pressure Tg value of each glass. The systems
were kept at these conditions under high nitrogen pressure
(1 or 2 GPa) for 30min. Afterward, the furnace was cooled down
to room temperature at a constant rate of 60 K/h, followed by
decompression at a rate of 30 MPa/min.

Structural Characterization
Raman spectroscopy measurements were performed at room
temperature to obtain information about the structure of glasses
at short- and intermediate-range length scales. This was done
using a Renishaw Invia micro-Raman spectrometer with 532 nm
laser in the range from 200 to 1,600 cm−1. The measurements
were conducted on as-prepared and compressed samples.
All Raman data were subjected to intensity normalization
by dividing the intensities by the maximum intensity of
each spectrum.

Solid state NMR spectra of 31P were obtained using a
commercial magic-angle spinning (MAS) NMR probe (Agilent)
and spectrometer (Agilent DD2), in combination with an 11.7 T
superconducting magnet. All the glass samples (powder) were
loaded into 3.2mm zirconia rotors and spun with compressed
nitrogen at 20 kHz. The resonance frequency of 31P at this
external field strength was 202.30 MHz. Spectra were acquired
with a 1.2 µs pulse width, corresponding to a π/6 tip angle,
using a delay time of 240 s and as a composite of 60 to 220 free
induction decays. Spectra were processed without any additional
apodization and referenced to 85% H3PO4 in water (0 ppm). The
fitting of 31P MAS NMR data was made using DMFit (Massiot
et al., 2002), using a minimum number of Gaussian lineshapes
to represent Qn species, and with full consideration of spinning
sidebands when determining site populations.

27Al MAS NMR spectra were collected using a commercial
MAS NMR probe (Agilent) and spectrometer (DD2), with
a narrow-bore 16.4 T superconducting magnet and thus a
resonance frequency of 182.34 MHz. Powdered glass samples
were contained in low Al background zirconia rotors and spun
at 22 kHz. The data were acquired with very short (0.6 µs)
pulse widths (π/12 tip angle), recycle delays of 4 s and with
signal averaging of typically 1,000 scans. 27Al MAS NMR data
were processed without extra line broadening and referenced to
aqueous aluminum nitrate at 0.0 ppm. Fitting of 27Al MAS NMR
spectra was conducted with DMFit using the “CzSimple” model
to accurately represent the 2nd-order quadrupolar broadened
lineshapes belonging to various Al coordination environments.

Property Characterization
Density (ρ) was determined using the Archimedes method by
first weighing the sample in air and then weighing it when
suspended in ethanol at room temperature. This was repeated a
minimum of ten times for each sample. The standard deviation
of the reported density values did not exceed±0.002 g cm−3. The
molar volume (Vm) was calculated as the ratio between the molar
mass of the glass and its density. Furthermore, we calculated
the atomic packing density (Cg) of the glasses to evaluate the
differences in the free volume of the glasses. Cg is the ratio
between the minimum theoretical volume occupied by the ions
(assumed to be spherical) and the correspondingmolar volume of
the glass. The value ofCg is calculated using effective ionic radii to
calculate the minimum theoretical volume occupied by the ions
(Shannon, 1976), assuming 6-fold coordination for Ca, 2-fold
coordination for O, 4-fold coordination for P, and coordination
number for Al as obtained from the NMR results.

A Vickers micro-indenter (Duramin 5, Struers) was used to
determine hardness (HV). The measurements were performed in
air at room temperature with a relative humidity of 50 ± 5%.
At least 30 indents were performed at loads of 0.05 and 0.2 kgf
for CaO-P2O5 and 0.05 and 0.1 kgf for CaO-Al2O3-P2O5 glasses
with a dwell time of 15 s. HV was calculated from the size of the
imprint at respective load.

Glass chemical durability in an aqueous solution was
measured for as-made annealed glasses and compressed glasses.
Samples with dimensions of about 10 × 10 × 3 mm3 were
immersed into 200ml deionized H2O at 40 ◦C for different time
durations up to 428 h. The water was not stirred and the samples
were suspended by Teflon line in the solution. The weight loss of
samples was regularly measured for different time intervals.

RESULTS AND DISCUSSION
31P and 27Al MAS NMR Spectroscopy:
As-Made Glasses
Figure 1 shows the 31P MAS NMR spectra of both as-made
and compressed glasses. The center band intensities are isotropic
resonances that can be assigned to Q3, Q2, and Q1 units. We
use the standard Qn nomenclature for phosphorus speciation,
in which the exponent (n) indicates the number of bridging
oxygen (BO) per phosphorous atom. The experimental spectra
were simulated using Gaussian line shapes for each Qn site. The
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FIGURE 1 | 31P MAS NMR spectra of the as-prepared glasses (black) and

glasses hot compressed at 1 GPa (red) and 2 GPa (blue): (A) CaO-P2O5; (B)

CaO-Al2O3-P2O5.

relative total area of each approximated isotropic peak and its
associated sidebands was used as a measure of the respective site
concentration.Table 2 lists the isotropic chemical shifts (δCS) and
the site concentrations determined for the phosphorous species
in the present glasses.

First, we considered the as-made binary CaO-P2O5

glasses (Figure 1A). The 31P spectrum of the ultraphosphate
composition (P60, see Table 1) is dominated by isotropic peaks
near −33 and −46 ppm, representing the Q2 and Q3 units,
respectively (Brow, 2000). As expected, the spectrum of the
metaphosphate composition (P50) is dominated by the Q2

peak, but also contains small peaks for Q1 and Q3 tetrahedra.
The relative peak areas for the different P polymerizations
vary systematically with composition, i.e., with increasing CaO
modifier content, the Q3 peak decreases in intensity while that
of Q1 increases (Table 2). The observed P speciation is thus
generally consistent with previous 31P NMR results for Na- and
Ca-phosphate glasses (Kirkpatrick and Brow, 1995; Brow, 1996).
However, Na- and Ca-metaphosphate glasses exhibit different
Qn distribution, as the Na-metaphosphate glass contains
predominantly Q2 units, whereas the Ca-metaphosphate glass
also features small but noticeable amounts of Q1 and Q3

units. The latter is due to the disproportionation reaction,
i.e., 2Qn → Qn−1 + Qn+1, which is shifted to the right with
increasing modifier field strength (charge-to-size ratio) (Fletcher
et al., 1993). Furthermore, the chemical shift of the Q2 peak
shifts toward higher ppm values with increasing CaO content
(Table 2). The change in the 31P chemical shift with increasing
CaO content in our glasses parallels the trend observed
previously with increasing Na2O content in Na2O-P2O5 glasses
(Kirkpatrick and Brow, 1995).

Next, we considered the as-made ternary CaO-Al2O3-P2O5

glasses (Figure 1B). The 31P MAS NMR spectra contained
several overlapping resonances that shows a progressive shift
toward more negative ppm and a broadening with the increasing
concentration of Al2O3. The observed results are similar to

those observed in other alkali-alumino-metaphosphate glasses
and have been attributed to the increasing formation of P-O-Al
linkages in comparison to that of P-O-Ca (Schneider et al., 2003).
Previous studies have reported similar shift in the positions of
31P NMR peaks in alumino-metaphosphate glasses upon Al2O3

addition and have been correlated to general strengthening, or
shortening, of the average P–O bonds related with the different
metal polyhedra (Smith et al., 2014). Furthermore, it has been
shown that the 31P peak for a Q2 unit connected to an alkali or
alkaline earth ion will occur at a more positive chemical shift than
the 31P peak for a Q2 unit connected to aluminum (Brow et al.,
1993). Similar to the binary P50 composition, the ternary CaO-
Al2O3-P2O5 metaphosphate glasses also feature small but non-
negligible amounts of Q3 and Q1 units. The presence of Q1 and
concomitant Q3 can also be explained by the disproportionation
reaction. Furthermore, the deconvolution of the ternary glass
spectra also indicates the presence of two distinct Q2 units with
resonances around −28 and −36 ppm, respectively. The former
signal is attributed to Q2 (0Al) units (where xAl represents the
number of Al atoms as next nearest neighbor), while the latter
is due to Q2 (1Al) units as the formation of P-O-Al linkage
leads to a shift of the 31P resonance toward more negative ppm
(i.e., shielded) by ∼7 to 8 ppm (Fletcher et al., 1993), consistent
with the ∼8 ppm shift difference required to adequately fit the
spectra (Figure 2).

Figure 3A shows the 27Al MAS NMR spectra for the CaO-
Al2O3-P2O5 glasses, with the site populations listed in Table 3.
All three compositions yielded spectra with three peaks around
36, 6, and −17 ppm, which can be unambiguously assigned to
AlIV, AlV, and AlVI structural units, respectively (MacKenzie,
2002). The spectra show a decrease in the fraction of AlVI species
with increasing Al2O3 content, with AlVI as the predominant
species for all the compositions (Figure 3B). The results agree
with previous investigations on aluminophosphate glasses, where
Al predominantly exists in octahedral coordination within the
metaphosphate (O/P ≈ 3) regime (Brow et al., 1990, 1993;
Brow, 1993; Schneider et al., 2003). From the peak areas, the
average coordination number (CN) of Al was calculated for
the investigated glasses. The results are plotted in the inset
of Figure 3B, showing a reduction of Al CN from 5.45 to
approximately 5.28 with increasing Al2O3/CaO ratio. We also
note that the present 27Al NMR peak assignment is similar to that
reported for Ca-aluminophosphate glasses with all Al bonded
to P as next nearest neighbor (NNN) (Brow et al., 1990). On
the other hand, the present glasses feature more shielded peaks
relative to the 27Al chemical shifts reported for aluminoborate
and aluminosilicate glass (Bista et al., 2015). This shift upon
introduction of phosphorus is likely due to the difference in
electronegativity between phosphorus, silicon, and boron, which
increases the shielding of the Al nucleus, resulting in a shift in
these resonances by up to−25 ppm (MacKenzie, 2002).

31P and 27Al MAS NMR Spectroscopy:
Densified Glasses
Structural changes in the P speciation upon hot compression
have been found to be highly composition dependent, that
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TABLE 2 | Phosphorus speciation obtained by deconvolution of 31P MAS NMR spectra.

Glass ID Q1 Q2 Q3 O/P ratio

Int (%) δCS (ppm) Int (%) δCS (ppm) Int (%) δCS (ppm)

P60 … … 78.6 −32.9 21.4 −46.5 2.89

P60 (1 GPa) … … 74.6 −32.1 25.4 −45.9 2.87

P60 (2 GPa) … … 69.7 −31.5 30.3 −45.3 2.85

P50 4.1 −10.5 89.5 −27.7 6.4 −42.0 2.99

P50 (1 GPa) 4.5 −10.3 88.6 −27.4 6.9 −41.0 2.99

P50 (2 GPa) 4.9 −10.0 88.4 −27.2 6.8 −41.0 2.99

P46 18.3 −10.2 79.6 −26.5 2.1 −41.2 3.08

P46 (1 GPa) 18.5 −9.9 79.4 26.3 2.2 −41.2 3.08

P46 (2 GPa) 19.5 −9.7 78.4 −26.1 2.1 −41.2 3.09

Al5 1.6 −13.2 67.4 −28.9 5.0 −45.0 2.99

25.9 −37.8

Al5 (1 GPa) 2.4 −13.2 65.5 −28.7 7.0 −45.0 2.97

25.0 −37.7

Al5 (2 GPa) 3.1 −12.8 67.1 −28.6 5.3 −47.0 2.99

24.5 −38.4

Al10 1.2 −15.9 42.7 −30.0 14.2 −45.0 2.94

41.9 −37.9

Al10 (1 GPa) 1.4 −15.9 42.2 −29.7 16.9 −45.0 2.93

39.5 −37.7

Al10 (2 GPa) 1.6 −15.9 43.6 −29.5 18.6 −45.0 2.92

36.1 −37.5

Al15 0.2 −15.9 25.9 −32.6 19.7 −46.0 2.90

54.1 −38.6

Al15 (1 GPa) 0.3 −15.9 27.5 −32.2 25.9 −46.0 2.87

46.3 −38.5

Al15 (2 GPa) 0.4 −15.9 31.9 −31.9 28.5 −46.0 2.86

39.2 −38.5

Uncertainties in the Qn populations and chemical shift (δCS ) are ± 1% and ±1 ppm, respectively. (O/P ratio = (2.5*[Q3 ] + 3*[Q2 ] + 3.5*[Q1 ] + 4*[Q0 ])/100, in which [Qn ] is the Int% by

NMR deconvolution.)

is, the phosphorus network undergoes depolymerization upon
hot compression of (72-x)SiO2-20B2O3-xP2O5-8Al2O3 glasses
(Kapoor et al., 2017a), while in case of binary zinc phosphate and
another SiO2-B2O3-P2O5-Al2O3 glass, only minimal changes
in the P network were observed (Kapoor et al., 2017b,
2018). In the present investigation, hot compression of the
glasses results in insignificant changes in the 31P chemical
shifts and relative areas of the peaks corresponding to
different Qn phosphorous units (Table 2). Significant changes
are only observed in the ultraphosphate glass (P60), where
the pressure treatment at 2 GPa induces a 9% increase
in the relative amount of Q3 units at the expense of Q2

units (Table 2). No significant changes are observed in the
glasses with higher O/P ratio. The minimal changes in the P
speciation upon compression agrees with the previous studies
on pressure quenched v-P2O5 by Brazhkin et al. using 31P
MAS NMR and X-ray diffraction studies (Brazhkin et al., 2011).
Considering further the CaO-Al2O3-P2O5 glasses, compression
induces even more subtle changes in the 31P NMR spectra
(Figure 1). Table 2 shows that the quantitative changes upon

compression are well within the uncertainty values expected
in deconvolution.

As a glass is compressed, the ionic environments can change
in different ways, including a coordination number increase, a
change in bond distances, angles, and in the types and amounts of
linkages present (e.g., P-O-Al, P-O-P). In the case of Al, the most
obvious structural change is an increase in coordination number,
as observed in various oxide glasses (Allwardt et al., 2004; Kapoor
et al., 2017c). The comparative abundance of each aluminum
species is proportional to the area under its peak and the fitted
values are given in Table 3. The peak areas corresponding to
AlV and AlVI are greater for the samples recovered from hot
compression (1 and 2 GPa) in comparison to those at ambient
pressure. The quantitative change in Al coordination per unit
change in pressure increases with increasing [Al2O3]/[CaO] ratio
(Figure 3C). It is noteworthy that compression at 1 GPa results
in a relatively large change in the degree of polymerization of
Al in comparison to that at 2 GPa, i.e., after increasing the
pressure further to 2 GPa, relatively small changes are observed
in the glass reticulation. The 27Al NMR spectra (Figure 3A)
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show a slight increase in the frequency of the AlVI resonance
and a decrease for AlIV and AlV peaks, upon compression.
Analogous to aluminosilicates glasses, the high frequency shift

FIGURE 2 | Deconvolution of 31P MAS NMR spectra for (A) P50, (B) Al5, (C)

Al10, and (D) Al15 glasses. Q1, Q2 and Q3 peaks are indicated by red, green,

and blue curves. The black Gaussian peak represents the Q2,1 peak formed in

Al-containing glasses.

in 27Al spectra may be related to the decrease in bond angles,
while the low frequency shift could be due to the development
of links between high-coordinated Al sites (Kelsey et al., 2009).
Further, in the case of phosphate and aluminophosphate glasses,
network forming cations Al and P can both respond to pressure
changes by changing their local environment. However, the
observed structural changes for Al upon compression are more
pronounced than those for P, suggesting that the threshold energy

TABLE 3 | Aluminum speciation and associated NMR parameters obtained by

deconvolution of 27Al MAS NMR spectra.

Glass ID AlIV AlV AlVI

Int (%) δCS (ppm) Int (%) δCS (ppm) Int (%) δCS (ppm)

Al5 8.6 35.3 38.2 5.9 53.2 −18.0

Al5 (1 GPa) 4.8 35.0 31.9 5.5 63.2 −18.2

Al5 (2 GPa) 3.5 34.8 27.9 4.9 68.8 −18.2

Al10 12.6 35.6 41.0 6.3 46.4 −17.3

Al10 (1 GPa 6.9 35.5 34.9 5.9 58.2 −17.5

Al10 (2 GPa) 4.3 35.3 30.5 5.7 65.2 −17.4

Al15 15.2 36.3 41.6 6.9 43.3 −16.4

Al15 (1 GPa 7.5 35.9 35.3 6.4 57.2 −16.6

Al15 (2 GPa) 4.4 35.6 30.3 6.1 65.3 −16.6

The uncertainties in intensity (Int) and isotropic chemical shift (δCS ) are estimated to be

2%, and 1 ppm, respectively.

FIGURE 3 | (A) 27Al MAS NMR spectra of as-prepared CaO-Al2O3-P2O5 glasses (black) and those hot compressed at 1 GPa (red) and 2 GPa (blue). (B) Intensities

of each central 27Al NMR line as a function of the glass composition. Inset: mean coordination number for Al calculated from the NMR intensities. (C) Composition

dependence of the change in the mean Al coordination (<Al>) per unit change in pressure.
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required for the structural changes upon compression in case of
aluminophosphate glasses is higher for P compared to Al.

Raman Spectroscopy
We next considered the Raman spectra of the as-prepared
and compressed CaO-P2O5 (Figure 4A) and CaO-Al2O3-P2O5

(Figure 4B) glasses between 200 and 1,500 cm−1. In general, the
Raman spectra are characterized by strong features in the mid-
frequency (600–850 cm−1) and high-frequency regions (950–
1,400 cm−1), with additional minor features in the low-frequency
region (200–400 cm−1).

The CaO-P2O5 glasses feature a broad band around 340
cm−1, which has been attributed to vibrations of phosphate
polyhedra (Meyer, 1998). In the mid-frequency region, the bands
in the region from 650 to 850 cm−1 are attributed to stretching
modes associated with BOs, linking two neighboring tetrahedra
(POP)sym (Meyer, 1998). For the P60 glass, the band is centered
around 666 cm−1 and assigned to the stretchingmodes associated
with vs(P–O–P) (Meyer, 1998). The location of this band shifts
toward higher frequency with increasing CaO content, as it is
observed around 694 cm−1 for P50 and P46 glasses. As discussed
above, the structure of the P60 glass primarily consists of Q2 and
Q3 units, where Q3 is primarily bonded to Q2 units (Q2-Q3).
That is, a cross-linked network dominated by Q2-Q3 and Q2-
Q2 interactions, where Q2-Q2 chains dominate the glass network
(Table 2). These chains are broken upon CaO addition, thus
forming chain terminating Q1 units attributed to the collective
effect of modifier addition and disproportionation reactions
(Fletcher et al., 1993). Therefore, the shifting of the Raman band
(666 cm−1) to higher frequency with increasing CaO content
could be ascribed to the decrease in the average phosphate chain
length when the NBO content increases (Brow, 2000).

The high-frequency region consists of bands associated with
the symmetric and asymmetric stretching modes of NBOs on
different P tetrahedra, along with the band due to stretching
of (P=O)sym (Meyer, 1998). The P60 composition features two
prominent bands in this region (Figure 4A). The band around
1174 cm−1 corresponds to v(PO2)sym, while that near 1,306
cm−1 is attributed to (P=O)sym, and is consistent with the
Q3 environment identified in the 31P MAS NMR spectra. The
width of the v(PO2)sym band is generally smaller than that
of (P=O)sym, indicating that the Q3 tetrahedra exhibit wider
bond angle distributions than the Q2 tetrahedra. The relative
intensity of the 1,174 cm−1 band increases upon CaO addition
due to the increase in the number of NBOs. We also note
that the addition of CaO results in disappearance of the band
associated with (P=O)sym, also similar to the reduction of Q3

in the 31P NMR data. This agrees with the findings of Hudgens
et al. (1998), suggesting that modifier addition decreases the
symmetry of (P=O)sym bond, resulting in an asymmetric bond
which becomes indistinguishable from the (PO2)sym mode of
Q2 tetrahedra. An additional weaker band at 1,018 cm−1 was
observed in the P46 glass, which could be assigned to the
symmetric stretching vibrations of the pyrophosphate Q1 end-
group units vs(PO

2−
3 ) (Meyer, 1998).

Densification of the binary glasses at 1 and 2 GPa leads to
changes in the Raman peak positions, with the most prominent

changes in the mid-frequency region (Figures 5A,B) and
minimal changes in the high-frequency region (Figures 5A,B).
The changes in the mid-frequency region could be attributed
to changes in the P-O-P bond angles. In the P60 and P50
glasses, the band corresponding to P-O-P shifts toward higher
frequency upon hot compression, indicating a decrease in the P-
O-P average bond angle (Figure 5A). This shift toward higher
Raman band frequency upon compression has been observed
for a wide range of vibrational modes and compositions,
including silicates (Hemley et al., 1986; Mysen and Frantz,
1994), germanates (Le Parc et al., 2009), solid argon (Crawford
et al., 1978; Watson and Daniels, 1988), and carbon-based solids
(Boppart et al., 1985; Sandler et al., 2003). However, for the
P46 glass, we observe a shift toward lower frequency upon
compression (Figure 5B), which is analogous to the change
observed in our recent high-pressure study on zinc phosphate
glass with composition between meta- and pyro-phosphate
regions (Kapoor et al., 2017b). Different responses to pressure
exhibited by the high-P and low-P glasses here are indeed similar
to how the P speciation as determined by 31P MAS NMR is
different for the P60 and P46 glasses (Figure 1A), confirming
that the O/P ratio appears to dictate the network’s response
to compression.

The Raman spectra for the binary and ternary glasses are
similar (Figure 4). This suggests that metaphosphate chains also
dominate the structure in calcium aluminophosphate glasses,
as indicated by the total Q2 population determined for these
glasses. With increasing aluminum content in these glasses, we
observe a systematic change in the relative intensity and position
of the bands, although the general pattern of the spectra remains
similar (Figure 5B). This is consistent with spectroscopic studies
of mixed alkali and alkaline earth metaphosphate glasses that
reveal similar systematic changes in the nature of the phosphate
network with modifier substitution (Rouse et al., 1978; Sato
et al., 1992). Furthermore, addition of Al results in a shift
of the high-frequency region band corresponding to P-NBO
vibration from 1,188 to 1,220 cm−1. The systematic changes
in the Raman peaks agree with the peak shift observed in the
31P NMR spectra where both spectral trends show a general
strengthening, or shortening, of the average P–O bonds related
with the different metal polyhedra (Smith et al., 2014). A previous
study by Schneider et al. (2005) has correlated the positive
shift in frequency with Al2O3 addition to two predominant
factors: firstly to the increased interaction among the NBOs
with the Al cation and secondly to the increased fraction of
Al-O bonds, which exhibit larger bond strength than Ca-O.
In addition, changes in the relative intensities of P-BO and
P-NBO Raman peaks for metaphosphate glasses indicate that
higher field strength cations produce stronger P–NBO bonds
(Nelson and Exarhos, 1979). In contrast to the binary phosphate
glasses, there are no systematic shifts in bands in the mid-
and high-frequency regions upon compression of the ternary
systems (Figure 5B).

Density, Molar Volume, Atomic Packing
Density, and Plastic Compressibility
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FIGURE 4 | Raman spectra of the as-prepared and compressed glasses: (A) CaO-P2O5 and (B) CaO-Al2O3-P2O5.

FIGURE 5 | Pressure dependence of the positions of the Raman bands corresponding to (A) P–O–P vibrations and (B) O–P–O vibrations for the binary and ternary

phosphate glasses.

Figure 6 and Table 1 show the variation of density (ρ), molar
volume (Vm), and atomic packing density (Cg) with composition
and pressure for the two series of glasses. For the as-prepared
binary glasses, substitution of P2O5 by CaO results in an increase
in density and a decrease in the molar volume (Figure 6A)
accompanied by an increase in Cg of the glasses (Table 1). For the
ternary glasses, addition of Al2O3 results in lower density in part
due to the simultaneous reduction of CaO content (Figure 6B)
and a concomitant increase in Cg (Table 1).

Following hot compression of the samples, the density of all
glasses increases due to network compaction, in agreement with
results for other oxide glasses in a similar pressure/temperature
regime (Kapoor et al., 2017c). However, the magnitude of the
pressure-induced change in density varies with composition,
which can be evaluated by calculating the plastic compressibility
(β), which is defined as the volume (V) change measured after
decompression to ambient pressure, i.e., -(1/V)(dV/dp) (Kapoor
et al., 2017c). The plastic compressibility of binary phosphate
decreases with the increase in CaO content, but it increases with
increasing Al2O3/CaO ratio in the ternary glasses (Figure 7).
We note that the plastic compressibility is negatively correlated

to the Cg of the ambient condition glasses, suggesting that
the free volume in the glasses accommodates the densification
upon hot compression (inset of Figure 7) (Striepe et al., 2013).
However, in the case of the aluminophosphate glasses, the volume
densification is positively correlated to the Cg of the as-prepared
glasses (inset of Figure 7) along with the change in mean alumina
coordination number (Figure 3C). This apparent correlation
could suggest that the Al CN change is an important densification
mechanism for these ternary glasses.

Furthermore, and in agreement with previous studies,
the β of the investigated glasses decreases with increasing
pressure, i.e., a smaller observed increment in density when
increasing the pressure from 1 to 2 GPa compared to that
from ambient pressure to 1 GPa (Figure 7). The decrease in
the plastic compressibility can be intuitively understood as
initial compression first consumes the easiest available free
volume and flexible structural units in the glass (Kapoor
et al., 2017b). As discussed based on the Raman and NMR
results above, the observed volume densification is mostly
associated with changes in the inter-tetrahedral bond angles,
and to the degree of polymerization of the glass network, as
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well as changes in coordination number of Al in the ternary
glasses (Kapoor et al., 2017c).

FIGURE 6 | Density and molar volume of as-prepared and hot compressed

glasses as a function of the molar concentration of (A) CaO and (B) Al2O3 in

CaO-P2O5 and CaO-Al2O3-P2O5 glasses, respectively. The errors associated

with the density values are smaller than the size of the symbols.

Vickers Hardness
Indentation experiments on the CaO-P2O5 and CaO-Al2O3-
P2O5 glasses provide insight into the resistance of glasses toward
elastoplastic deformation, as quantified by Vickers hardness
HV (Figure 8). HV of the calcium phosphate glasses increases
with increasing CaO content (Figure 8A), indicating that the
stacking of phosphate chains is more compact with an increase
in the packing fraction of glasses (Table 1), as evident from the
increase in molar volume and decrease of Cg with CaO addition.
This space filling increases the number of bond constraints
per volume, providing rigidity to the network, despite having a
depolymerizing effect, and thus higher hardness for the high-
CaO glasses. Previous studies indicate a similar increase in HV

of binary phosphate glasses with increasing CaO content (Rao
and Shashikala, 2014). In the calcium aluminophosphate glasses,
the addition of Al2O3 results in an increase in HV (Figure 8B).
This increase is attributed to the collective contribution from
the increase in degree of network connectivity and average
bond strength. The former is due to an increase in the Al2O3

concentration, which results in an increase in the average number
of bond constraints per atom (Smedskjaer et al., 2010), while the
latter is due to the higher field strength of the Al3+ cation. A
similar trend is observed for Tg (Table 1), implying that both
properties have similar structural origins, as also illustrated from
the positive correlation between Tg and HV (Figure 9) for a
variety of different phosphate glasses.

Hot compression of the glasses results in an increase in
HV (Figure 8). This effect is qualitatively similar to previously
investigated glass systems in the same pressure/temperature
regimes (Kapoor et al., 2017b,c). However, consistent with the
density results, we observe a larger increase in HV from 0
to 1 GPa in comparison to that from 1 to 2 GPa, suggesting
that the overall network densification is responsible for the
increase in hardness. The volume densification facilitates a
larger resistance to densification when subjected to sharp-contact
loading at room temperature. It is worth noting that for the
glasses compressed at 2 GPa, theHV values remain similar despite
the compositional differences.

FIGURE 7 | Plastic compressibility (β) of compressed glasses as a function of the molar concentration and atomic packing density (Cg) (inset) of (A) CaO and (B)

Al2O3 in CaO-P2O5 and CaO-Al2O3-P2O5 glasses, respectively.
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FIGURE 8 | Composition and pressure dependence of Vickers Hardness (HV ) of (A) CaO-P2O5 glasses and (B) CaO-Al2O3-P2O5 glasses. Inset in (B) shows

dHV/dP at 2 GPa, featuring similar trend as the plastic compressibility of the glasses at 2 GPa.

FIGURE 9 | Relationship between Vickers hardness (Hv) and Tg for various

phosphate-based glasses (Svenson et al., 2016; Kapoor et al., 2017b). All the

HV values in the figure are obtained from tests conducted at 0.05 kgf load.

Chemical Durability
We investigated the chemical durability of selected as-made
and compressed glasses (at 2 GPa) by measuring the weight
loss in deionized water at 40◦C (Tables 4, 5). The weight
loss is normalized by the initial surface area as a function
of dissolution time. Aqueous corrosion of oxide glasses can
generally occur through various processes, initially comprising
hydration, ion exchange, and/or hydrolysis, depending on the
glass composition and solution pH. Bunker et al. (1984)
suggested that the dominating reaction in phosphate glass
dissolution is the modifier–H+ ion exchange reaction, dividing
the dissolution process into two kinetic periods according to
the profiles of dissolved amount (q) vs. time (t). That is,
a decelerating dissolution period of q∼t1/2 and a uniform
dissolution period of q∼t1. Furthermore, more recent studies

TABLE 4 | Mean weight loss (mg cm−2) of CaO-P2O5 glasses after 24 h of

immersion in deionized water at 40◦C.

Glass ID as-made 2 GPa

P60 0.98 ± 0.00 0.50 ± 0.05

P50 0.97 ± 0.11 0.79 ± 0.08

P46 0.77 ± 0.03 0.66 ± 0.03

propose that hydration and hydrolysis (breaking of P-O-P
network bonds) play an interrelated role in glass dissolution,
even proposing that hydrolysis reactions may dominate over
hydration processes in metaphosphate glasses (Gao et al.,
2004; Tošić et al., 2013). It is also possible that higher H+

concentrations in acidic solutions may lead to elevated rates
of hydration, thus accelerating the release rate of phosphate
chains. On the other hand, in neutral–to–basic solutions (rich
in H2O or OH−), where the degradation rate increases with pH,
a hydrolysis-driven or alternate mechanism could be important,
as H+ is not readily available to hydrate non-bridging oxygens
(NBOs) in the network (Tošić et al., 2013). However, some
studies on binary Cu-phosphate glasses have reported that
P-O-P bonds in linear phosphate chains are as resistant to
hydrolysis as Si-O-Si bonds in neutral pH solutions, indicating
that hydrolysis reactions may only be accelerated in acidic, but
not in basic solutions.

Plots of weight loss in deionized water vs. time for the P50
glass are shown in Figure 10. The water-glass interaction gives
rise to a general increase in weight loss within the time scale
of the dissolution experiments. The chemical durability of the
binary calcium phosphate glasses prepared at ambient conditions
increases with increasing CaO content, as seen from a decrease
in the weight loss from 0.97 to 0.77 gm cm−2 (Table 4). This
increase in chemical durability has previously been attributed
to the ability of Ca2+ to serve as ionic crosslinks between the
NBOs of two different phosphate chains, thus increasing the
chemical durability (Bunker et al., 1984). However, there is
no further increase in chemical durability when the divalent
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TABLE 5 | Mean weight loss (mg cm−2) of CaO-Al2O3-P2O5 glasses after 428 h

of immersion in deionized water at 40◦C.

Glass ID as-made 2 GPa

P50 14.61 ± 0.21 6.56 ± 0.68

Al5 0.45 ± 0.02 0.42 ± 0.07

Al10 0.13 ± 0.02 0.14 ± 0.03

FIGURE 10 | Normalized weight loss (mg cm−2) of the metaphosphate (P50)

glass (as-prepared and compressed at 2 GPa) in deionized water as a function

of dissolution time. The dashed lines represent linear fits to the data.

cation content reaches a certain point, because the polymer
chains can only accommodate a limited number of chelate cross
links (Bunker et al., 1984; Gao et al., 2004). Replacement of
CaO by Al2O3 in calcium metaphosphate glasses (O/P = 3)
improves the chemical durability by several orders of magnitude.
While the binary phosphate glass experiments show a highly
linear dependence of normalized weight loss (WL) on time
(WL = k × t), introduction of Al2O3 leads to half time
dependence (WL = k × t1/2), as shown in Figure 11. After
428 h of dissolution, the metaphosphate glass (P50) exhibits
∼14.6 g cm−2 of weight loss, while the Ca-Al-P glass with 10
mol% of Al2O3 has ∼0.13 g cm−2 of weight loss (Table 5).
Furthermore, the differences inWL vs. t curve shape as a function
of Al2O3 content suggest a composition dependent shift in
dissolution mechanism.

The effects of Al2O3 on the chemical durability and
hardness of these calcium phosphate glasses are consistent
with the widely reported structural role of Al2O3 in oxide
glasses (Brow, 1993; Brow et al., 1993). Addition of Al2O3

strengthens the glass network by cross-linking phosphate chains,
introducing relatively hydrolysis- and stress-resistant bonds
into the phosphate network (i.e., Al-O-P and Al-O-Al), along
with increasing the overall degree of network connectivity
through formation of AlV and AlVI units. The resulting increase
in structural polymerization degree is consistent with the
increase in HV, Tg, and chemical durability. Similar changes

FIGURE 11 | Normalized weight loss (mg cm−2 ) of the metaphosphate (P50)

glass and CaO-Al2O3-P2O5 (Al5 and Al10) glass along with dissolution rate

parameter (k) in deionized water as a function of time. The lines are drawn as

guide for the eyes.

in chemical durability are also observed in silicate glasses,
where the presence of Al2O3 impedes the molecular water
from entering the glass network through the limited ability
of H+/H3O+ to ion-exchange for modifier ions and charge-
compensate [AlO4]− tetrahedra (Hamilton and Pantano, 1997).
This makes it difficult to mobilize Na ions bonded to Al
tetrahedra, resulting in enhanced chemical durability (Hamilton
and Pantano, 1997).

Tables 4, 5 show the effect of densification on the chemical
durability of the binary and ternary phosphate glasses. In general,
we observe an enhancement of the corrosion resistance following
permanent densification. This is likely due to an increase of
Cg, because of the decline in the average bond angle and void
volume, and a higher network connectivity. Previous studies on
binary sodium silicate and borate glasses reported an increase
in the chemical durability upon compression up to 5 GPa at
Tg due to a decrease of the Na+ release rate (Zhang et al.,
1991a,b), which was in turn attributed to the decrease in
void volume available for water migration into reactive sites
(Mascaraque et al., 2017).

CONCLUSIONS

We investigated the influence of high-temperature densification
on the structure, mechanical properties (Vicker’s hardness), and
chemical durability (weight loss in water) of binary CaO-P2O5

and ternary CaO-Al2O3-P2O5 glasses.We found that the changes
in P speciation in P2O5-based glasses upon hot compression
are generally small and highly composition dependent. In
the CaO-Al2O3-P2O5 glasses, the compression induced an
increase in the Al coordination number, the extent of which
increases with an increasing [Al2O3]/[CaO] ratio. The extent
of volume densification upon hot compression also varies with
composition, as the plastic compressibility of binary phosphate
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decreases with the increase in CaO content, but increases with
an increasing Al2O3/CaO ratio in ternary glasses. Furthermore,
in the case of the aluminophosphate glasses, the observed
extent of volume densification was positively correlated to the
Cg and the change in the mean Al coordination number. In
general, and as previously found for other oxide glasses, we
observed an enhancement of hardness and corrosion resistance
following permanent densification. This is likely due to an
increased atomic packing density, because of the decrease in
the average bond angle and free volume, and the increased
network connectivity.
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