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Abstract: Lithium aluminoborate glasses have recently been found to undergo dramatic changes in their
short-range structures upon compression at moderate pressure (~1 GPa), most notably manifested in an
increase in network forming cation coordination number. This has important consequences for their
mechanical behavior and to further understand the structural densification mechanisms of this glass family,
we here study the effect of P,Os incorporation in a lithium aluminoborate glass (with fixed Li/Al/B ratio)
on the pressure-induced changes in structure, density, and hardness. We find that P,Os addition results in a
more open and soft network, with P-O-Al and P-O-B bonding, a slightly smaller fraction of tetrahedral-to-
trigonal boron, and an unchanged aluminum speciation. Upon compression, the cation-oxygen coordination
numbers (CNs) of both boron and aluminum increase systemically, whereas the number of bridging

oxygens around phosphorous ((") decreases. The glasses with higher P,Os content feature a larger decrease
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in 0" (P) upon compression, which leads to more non-bridging oxygens that in turn fuel the larger increase
in CN of B and Al for higher P,Os content. We find that the CN changes of Al and B can account for a
large fraction (around 50% at 2 GPa) of the total volume densification and that the extent of structural
changes (so-called atomic self-adaptivity) scales well with the extent of volume densification and pressure-

induced increase in hardness.
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1. Introduction

Oxide glasses play a critical role for innovation in a range of industries due to their combination of
favorable properties such as transparency, high hardness, relatively light weight, and chemical durability!.
Although the ultimate strength and ductility of defect-free amorphous oxides can be high?3, bulk oxide
glasses generally possess low fracture toughness (around 0.5 to 1.0 MPa m®3) because of the lack of a
stable shearing deformation mechanism and limited resistance to crack growth*>°, In the past few decades,
scientists have made great efforts to improve the mechanical reliability and resistance to surface damage of
glasses through effective surface treatments, among which thermal tempering’” and chemical
strengthening®’are the most widespread, with the aim to improve strength and increase the critical stress
needed for crack initiation. In addition to adding extra cost, these methods are also limited to either
relatively thick glasses (thermal tempering) or mobile ion-containing glasses (chemical strengthening).

A key consideration when designing new damage resistant glasses is their densification mechanism
under high pressure '°. Moreover, compression treatments could potentially provide an additional degree of
freedom to balance different properties in the composition-temperature-pressure plane. The change in glass
properties under an applied pressure is related to the extent of volume densification and corresponding
structural changes at both short- and intermediate-range length scales !!. Although oxide glasses are
macroscopically brittle, they undergo plastic deformation under high stresses, e.g., during indentation !2. By
studying different glass compositions, Peter showed that the indentation deformation mechanism of oxide
glasses in general includes both shear flow and densification '3, with the simple notion that shear flow is the
dominant process for glasses with compact structures, whereas densification becomes increasingly
important in more open glasses '*!15. Densification causes volume shrinkage, but can be recovered upon
sub-T, (where T, is the glass transition temperature) annealing '>!°. In turn, pre-densification of a glass
affects the deformation mechanism during subsequent indentation as well as other mechanical properties.
For example, Svenson et al.'” found that the pressure-induced changes in elastic moduli are not governed
by the specific structural changes, but rather by the overall degree of network densification. Deschamps et
al.!® found that the variation in the elastic moduli is also dependent on the compression path taken to reach
permanent densification. Hardness is also affected by densification, since it is sensitive to the local bonding
and atomic packing behavior of the constituent atoms and presence of, e.g., non-bridging oxygens (NBOs)
9 In general, hardness increases with density and Kapoor et al.?® found that an overall network
densification is responsible for this increase. Furthermore, Smedskjaer et al.?! found that the changes in
hardness also depends on the compression path taken to reach permanent densification, such as annealing
versus hot compression. Despite the importance of volume densification, the structural changes such as
increasing network-former coordination numbers (e.g., for B and Al) upon densification?? need to be

considered for properties such as crack initiation resistance 23242519,
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In this work, we build on previous studies in understanding structural densification mechanisms in
alkali aluminoborate glasses?®?-?8. These glasses generally exhibit high crack initiation resistance upon
indentation, including for a lithium aluminoborate glass>® that shows a dramatic increase in the
coordination numbers of both boron and aluminum upon high-temperature densification. In a recent work,
we studied the effect of adding SiO, (up to 20 mol%) to a 25Li,0-20A1,05-55B,0; glass on the structure
and mechanical properties®. Addition of silica increases the average network rigidity, but meanwhile its
open tetrahedral structure decreases the atomic packing density and also makes the network less
structurally-adaptive to applied stress. This is because Al and B easily increase their coordination number
under pressure, while this is not the case for Si under modest pressures. As such, although the silica-
containing networks have more free volume, they cannot densify more during indentation, which in turn
leads to an overall decrease in crack resistance upon SiO, addition. In a related work3?, Dickinson and de
Jong found an increase in the boron coordination number upon P,Os addition in borosilicate glass. Previous
studies®'* have shown that the presence of B relative to B units decreases the extent of volume
densification in borosilicate glasses due to a more open network and planar structure of the latter.

To further understand the structural densification behavior of this glass family, we here study the
effect of P,Os addition (up to 10 mol%) to a 25Li,0-20A1,05-55B,0; glass on the pressure-induced
changes in glass structure using Raman, NMR spectroscopy, density measurements, indentation hardness
testing, and ultrasonic echography. We refer to these glasses as lithium phosphoaluminoborate glasses,
since B,0O; remains the major network-forming oxide. In this glass series, we keep the Li/Al/B ratio
constant. This is done to keep the structural role of Al unchanged, which is expected to be possible because
it has a strong enthalpic preference for being charge-stabilized by alkali cations (e.g., Li*) in tetrahedral

configuration®.

2. Experimental

2.1 Glass preparation

Lithium phosphoaluminoborate glasses, xP,0s-(1-x)[25Li,0-20A1,05-55B,0;] with x = {0,2,5,10} (in
mol%), were synthesized using the traditional melt-quenching approach. The utilized raw materials were
Li,CO; (298.5%, Merck KGaA), ALO; (99.5%, Sigma-Aldrich), H;BO; (>99.5%, Honeywell
International), and NH¢PO, (299.5%, Merck KGaA). First, according to the target composition, all raw
materials were weighed and thoroughly mixed. In order to prevent excessive foaming, the mixed powders
were stepwise added to a 100 mL alumina crucible and heated to around 500 °C in an electric furnace
(Entech) to remove the excess H,O, CO,, and NH;. The mixture was melted and homogenized at 1150-
1250 °C for 1 h in air. Then the melt was poured onto a brass plate for quenching. Finally, the obtained

glasses were immediately transferred to a preheated annealing furnace at an estimated glass transition
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temperature (7,) value for 30 min, and then slowly cooled down to room temperature. The chemical
compositions of the glasses were analyzed using inductively coupled plasma optical emission spectroscopy
for P,Os, Al,O5 and B,0s3, and flame emission spectroscopy for determination of Li,O content (see Table 1).
Furthermore, as shown in Figure S1 in the Supporting Information, x-ray diffraction analysis indicated that
none of the samples showed any signs of crystallization.

We determined 7, of the glasses using differential scanning calorimetry (STA 449 F3 Jupiter,
Netzsch). The measurements were done at 10 K/min on specimens with a known thermal history (i.e., with
a preceding cooling rate of 10 K/min) using Pt crucible in argon (gas flow 60 mL/min). 7, values and other
property data are summarized in Table S1 in the Supporting Information. Following determination of T,
the glasses were re-annealed for 30 min at their measured 7, value and cooled down to room temperature at
a cooling rate of approximately 3 K/min. After re-annealing, all the glasses were cut into desired
dimensions and optically polished in ethanol by using SiC grinding paper ranging from grit 220 to 4000 in
6 steps.

2.2 Hot compression

Following the method described in the previous study®?, all four annealed glasses were subjected to an
isostatic N,-mediated pressure treatment at both 1 and 2GPa. The compression was carried out at the
measured ambient-pressure 7, value for 30 min. The samples were subsequently quenched at an initial
cooling rate of 60 K/min. The pressure chamber was then decompressed at a rate of 30 MPa/min at room

temperature.

2.3 Density

Density (p) of the glass specimens was determined using Archimedes’ principle of buoyancy. The weight
of each specimen (at least 1.5 g) was measured in air and ethanol ten times. Based on the ratio between
molar mass and density, we calculate the molar volume (V},). To also quantify differences in free volume
among the different glasses, we calculate the atomic packing density (C,) based on these data. This was
done by assuming 6-fold coordination for Li, 2-fold coordination for O, while the coordination number for
B and Al are taken from the NMR results. C, is defined as the ratio between the theoretical molar volume

occupied by the ions and the effective molar volume of the glass,

XfiVi
Cg :'DZfiMi' (1)

4
Here, V; = 3N (xri + yr?;) represents the molar volume of an oxide 4,8, with the molar fraction f; and the

molar mass M;, N denotes Avogadro’s number, and 7, and 73 of are the ionic radii of the cations and anions,

respectively, which are taken from Shannon?3.
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2.4 Raman spectroscopy

To study the short- and intermediate-range structural changes due to composition variation and hot
compression, we have acquired micro-Raman spectra of the glasses. The spectra were collected on an inVia
micro-Raman spectrometer (Renishaw). All samples surfaces were excited by a 532 nm green diode laser
for an acquisition time of 10 s. The range of all spectra was from 220 to 1700 cm™!, with resolution better
than 2 cm™!. Spectra from three different locations on the glass were compared for each specimen to verify
chemical homogeneity (see Figure S2 in the Supporting Information). All spectra were uniformly treated in

Origin software for background correction and area normalization.

2.5 Solid state NMR spectroscopy

"B and ?’Al magic-angle spinning nuclear magnetic resonance (MAS NMR) experiments were conducted
at 16.4 T by using a commercial spectrometer (VNMRS, Agilent) and a commercial 3.2 mm MAS NMR
probe (Agilent). Resonance frequencies for "B and 2’Al at this external magnetic field were 224.52 and
182.34 MHz, respectively. Glasses were powdered with an agate mortar and pestle, and then loaded into
low-Al zirconia rotors for sample spinning at 20 and 22 kHz for !'B and 2’Al MAS NMR. Data for both
nuclei were collected with short radio-frequency pulse widths of 0.6 ps (w/12 tip angle) and relaxation
delays of 4s and 2s for ''B and ?’Al, respectively. Signal averaging was performed using 600 to 1000 scans
per experiment.

3P MAS NMR data were acquired using a commercial console (VNMRS, Varian) and 3.2mm MAS
NMR probe (Chemagnetics), in conjunction with an 11.7 T widebore superconducting magnet and a
resonance frequency of 202.30 MHz. Powdered glasses were contained in 3.2 mm zirconia rotors and
sample spinning was computer controlled to 20 kHz. Measurement conditions included n/6 pulse widths of
1.2 ps, recycle delays of 60s and acquisition of nominally 1500 scans.

MAS NMR spectra for these three nuclei were processed without any additional apodization, plotted
using the normal shielding convention and with shift referencing to aqueous boric acid (19.6 ppm), aqueous
aluminum nitrate (0.0 ppm) and 85% H;POj, solution (0.0 ppm). "B and 2’Al MAS NMR data were fit with
DMFit utilizing second-order quadrupolar lineshapes for !'B trigonal peaks, a combination of Gaussian and
Lorentzian lineshapes for ''B tetrahedral resonances, and the CzSimple model for 2’Al134. In the case of !'B
MAS NMR data, the overlapping satellite transition for the B!V resonance was also fit and subtracted from
the integration, yielding accurate site intensities for all B™ and B'Y peaks. 3'P MAS NMR data were fit
using DMFit and 100% Gaussian lineshapes.

2.6 Vickers hardness and elastic moduli
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We determined the Vickers hardness (Hy) of all glasses using a Nanovea CB500 hardness tester. On each
specimen, 20 indents were generated. The loading duration and dwell time were set to 6 s and 10 s,
respectively. The residual imprints were subsequently analyzed with an optical microscope and Hy was
calculated as,

P
Hy = 18544~ ——, )

2

where P is the contact load of 4.9 N, and d; and d, are the length of the projected indent diagonals.
Furthermore, the elastic properties of the glasses were measured by ultrasonic echography using an
ultrasonic thickness gauge (38DL Plus, Olympus) equipped with 20 MHz delay line transducers for the
determination of the longitudinal V; and transversal wave velocities V,. The longitudinal modulus Cy;,
shear modulus G, bulk modulus B, and Young’s modulus E, as well as the Poisson ratio v, were calculated

using the following relations, which are applicable for isotropic materials:

Cii=pVi, (3)

G = pV3, 4)

B=Cn —gG, )
3B—26

U= 6B + 2G° (6)

E=2G(1+v). )

3. Results and Discussion

3.1 Raman spectroscopy

Figure la shows the Raman spectra of both as-prepared and compressed lithium phosphoaluminoborate
glasses with different content of P,Os. We divide the spectra into four main band regions, with the expected
assignments outlined in the following (see also Table S2 in the Supporting Information).

The lowest frequency band region I, ranging from ~280 to 625 cm, is expected to contain
contributions originating from B-O-B, Al-O-Al, and B-O-Al stretching®. In addition, vibrations due to
bending of PO, units may occur in this region ( I ,)*¢. We find that the relative intensity of this band region
increases with the content of P,Os for the four as-prepared glasses, consistent with a larger concentration of
PO, units. Band region II (~625 to 815 cm!) is characteristic for B,O;-rich glasses®, since peaks in this
frequency range are typically assigned to borate super-structures (II,) such as chain and ring
metaborates®’38, di-triborates’®, and penta-, tetra-, or triborates?’3%3%4% as well as boroxol rings®’#!. B-O-Al
stretching and aluminate network vibrations may occur in the band I, region*’. , The band I region
decreases in intensity with the content of P,Os, since the addition of P,Os, and thus removal of B,O;,

decreases the fraction of borate super-structures. Band region III (~815 to 1200 cm™') is expected to result
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from vibrations of AlOy units (II,) (~900 cm1)*344 | Al-B network (~980 cm™)*, borate superstructures
(IIy) (~930 cm™)33% and PO,, P,O,*, POs* units (II.)(~1039-1090 cm)*, We find that the relative

intensity of I, band region decreases with the content of P,Os for the four as-prepared glasses, since the
addition of P,Os, and thus removal of Al,Os, decreases the probability of forming AlO, units. In addition,
the relative intensity of Il band region increases with the content of P,Os for the four as-prepared glasses.
The bands in region III, lie under those of Ill,, making it difficult to determine the impact of glass
composition on their relative intensities. However, these are minor intensity bands associated with the
borate superstructural units contributing to the more intense bands at II;, so dilution of borate groups with
increasing P,Os is likely to decrease the intensity of bands III, in the same manner as for II,. Finally, a
high-frequency region, band region IV (~1200 to 1600 cm™), is expected to be dominated by contributions
from vibrations of superstructural units such as pyroborate units, chain and ring metaborate units*’. This
peak decreases in intensity with the content of P,Os, since the addition of P,Os, and thus removal of B,0s,
decreases the fraction of borate superstructures as noted for other regions of these Raman spectra.

Next, we consider the variations in the Raman spectra upon hot compression (Figure 1a). In the glass
without P,Os (PO Glass), we find that the area fractions of bands I and II are suppressed with increasing
pressure, indicating the breakage of some superstructural borate (and possibly aluminoborate) units. The
suppression of bands I and II is accompanied by an increase in the area of bands III and IV upon
compression. Considering the P10 glass as an example, Figure 1b shows the pressure dependence of the
relative area fractions of the main Raman bands. The area fractions of bands I, and II, decrease
significantly with increasing pressure, while that of band III. increases. The other glasses show the same
trend upon compression (see Figure S3 in the Supporting Information). The band I, may be ascribed to
the formation of PO,", P,O,*, PO units*® upon addition of P,Os. Hot compression of the P10 glass does
not result in the formation of any new bands (Figure 1a), but following the permanent densification, the
high-frequency band III, broadens slightly and becomes more intense upon hot compression, especially in

high-P,Os glasses. Such increase in band width can be the result of P-O-P bond angle distortion.

3.2 2741 MAS NMR spectroscopy
To further understand the effects of P,Os addition and compression on the short-range structure of the
studied lithium phosphoaluminoborate glasses, we performed 2’Al, ''B, and 3'P MAS NMR spectroscopy
measurements. The spectral deconvolution and determined speciation are shown in Tables S3, S4, S5, and
S6 respectively, and Figure S4a in the Supporting Information.

Figure 2 shows the 27A1 MAS NMR spectra for the as-prepared glasses with different content of P,Os.
The three peaks at about 65, 37, and 9 ppm in the spectrum of the P,Os-free glass can be unambiguously

assigned to A1V, A1V, and AlY!, respectively?’, as the chemical shifts are similar to those in previous studies
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on phosphorous-free aluminoborate and aluminosilicate glasses>**4°, The relative amount of each species
is proportional to the corresponding area under its peak, and the fitted values are shown in Table S4 in the
Supporting Information. Figure 2 shows that the ?’Al peak position shifts to higher shielding (from 65 to 56
ppm) with increasing P,Os content (from 0 to 10 mol%). This is likely due to association of aluminum and
phosphorus polyhedra, leading to formation of Al-O-P linkages in the glass network. Such Al-O-P bonding
has, however, only a slight effect on the coordination number of aluminum (see below). These results are in
agreement with previous studies’®, where for P-containing glasses, the presence of P next-nearest
neighbor polyhedra increase the shielding of 2’Al resonances. As demonstrated by the data in Figure 2 and
the extracted chemical shifts in Table S4, the impact of P,Os on the 2?A1 NMR data is seen for all of the
resonances, indicating that AI"Y, A1V and AIV! groups are all affected by neighboring phosphate groups, and
thus these glasses contain a substantial amount of mixing between aluminate and phosphate polyhedra.

Figure 3 shows the effect of densification on the ??’A1 MAS NMR spectra for the four different
glasses. Generally, we observe pronounced changes in the aluminum despite the relative modest pressure,
in agreement with previous studies on lithium aluminoborate glasses?. The areas of the AlV and A1Y! peaks
increase upon hot compression, corresponding to the conversion of Al'Y to A1V and AIV! units, as also found
in earlier studies 2%!°2>!1, Consequently, the coordination number of aluminum increases with increasing
pressure (Figure 4a). The high-P,0Os glasses have the largest pressure-induced increase in the Al
coordination number (from 4.26 to 4.90 for P10 glass) (Figure 4b). In fact, to our knowledge, the extent of
the changes in Al speciation for P10 glass are the largest ever reported for an oxide glass under similar
pressure/temperature conditions?>»!'!. This indicates addition of P,Os positively influences the pressure-
induced conversion of AI'Y to AIY and AlY, in turn suggesting a link between aluminum and phosphate
units as suggested by formation of Al-O-P bonding and the possibility for higher coordinated Al to charge-
stabilize phosphate NBOs. Furthermore, we note from Figure 4a that the P,Os; content has a negligible
effect on the Al coordination number in the as-prepared glasses. This could be because it mostly depends
on the modifier-to-aluminum ratio (at least in aluminoborosilicate-type glasses), which is not changing in
the studied glasses.

The other feature to note in Figure 3 is that the peak positions for the three different Al sites are
unaffected by compression. As indicated by the fitting parameters in Table S4, while the intensities of the
Al sites vary significantly with compression, the isotropic chemical shifts for each peak are within one ppm
from as-made to compression at 2 GPa. This suggests that while P,Os content has a strong influence on the
chemical shielding of 2’Al resonances, as discussed above for the as-made glasses, the application of hot
compression does not appear to change the extent of mixing between aluminum and phosphate polyhedra.
That is, the higher shielding exhibited for P-containing glasses is maintained even with structural changes
due to compression, consistent with preservation of P NNN even as Al'"Y is converted to higher coordination

number.
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3.3 "B MAS NMR spectroscopy

Figure 5 shows the "B MAS NMR spectra for the as-prepared glasses with different content of P,Os. The
glassy networks all consist of both B (around 5 to 20 ppm) and B'Y units (around -2.5 to 5 ppm). The
fraction of B'Y decreases slightly upon the addition of P,Os, indicating that the addition of P,Os is beneficial
for the conversion of B!V to B! This could be because the introduced phosphate competes with boron for
some of the Li modifiers, leading to fewer Li-B'Y interactions and thus a lower level of modification of the
borate polyhedra. Other changes in the ''B MAS NMR data are observed with increasing P,Os. Arrows in
Figure 5 indicate subtle alterations of the B region of the spectrum, with a slight decrease in intensity at
the highest shift side of the signal (around 16-17 ppm), and a corresponding increase in intensity near 10
ppm. Fitting of these data (see Table S3 and Figure S4a in the Supporting Information) provides additional
insight into these changes, as deconvolution of the B! lineshape into two distinct B" units can be achieved.
As a result, it now is apparent that addition of P,Os leads to a direct reduction in the population of the
downfield (more positive) B resonance and an increase in the more shielded (less positive) B! peak
intensity. The former is assigned to B in superstructural units, consistent with some of the Raman
spectroscopy features described earlier, and a well-known feature in B-rich glasses®'. The latter B signal
is attributed to non-ring B, that is, those B groups not incorporated into the geometrically constrained
environments of borate superstructural units. Thus, increasing P,Os content at the expense of B,0s, leads to
a reduction in the number of ring-type borate groups, which arises due to decreasing B,O; content and the
inability to maintain the number of such structural groupings. This is analogous to the decreasing intensity
of band II,, in the Raman spectra of the as-made glasses with increasing P,Os content (Figure 1).

The other changes in boron environment with glass composition (no compression) is a slight increase
in shielding of the B!V signal (Fig. 5). This is not necessarily easy to see in the stack plot, but after fitting of
the "B MAS NMR data (Figure S4b in the Supporting Information), the glasses containing P,Os required
the addition of a second B!V resonance, which was at a more negative shift relative to that in the PO glass.
This peak also increases in relative intensity with increasing P,Os content, suggesting a close relation to
phosphorus. In fact, the impact of P NNN groups on !''B shielding is similar to that described above for
27Al shielding. Interaction of phosphate groups with B'Y units leads to a more negative shift, up to the limit
of -3.3 ppm found in crystalline BPO, 32. Studies of P-containing borosilicate glasses indicate that the new
peaks formed with P,Os addition are consistent with B-O-P linkages involving B! groups. Thus, the BY
groups in these glasses, while diminishing overall in intensity due to less available modifier, are also being
redistributed into network structure having pronounced connectivity between B'Y and phosphate polyhedra.

These local boron environments are, like those of aluminum, very sensitive to densification, with
boron increasing its average coordination numbers upon compression (see Figure 6) 2*!1°. This has been

reported to be related to the presence of non-bridging oxygen (NBO), that is, B + NBO — BV 54, Indeed,
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the "B MAS NMR spectra show that the average coordination number of boron increases upon hot
compression (Figure 7a). Unlike aluminum, the addition of P,Os has a negligible effect on the pressure-
induced change in the B coordination number (see Figure 7b), with each glass composition showing similar
pressure-induced changes in B! and B!V populations. In addition, there is a small, but noticeable change in
the B! peak, near the position previously identified as belonging to ring-type B! units. As seen before in
studies of similarly compressed borate and borosilicate glasses?*°, the ring B! unit is more strongly
impacted by compression, with glass densification accompanied by a decrease in the amount of
superstructural units. This is corroborated by the decrease in Raman band Il intensity (Figure 1) as these
glasses are compressed at 1 and 2 GPa. The intensity decrease in these bands, as well as the change in ring-
type B! peak intensity in these ''B MAS NMR data, occur similarly for all glasses, regardless of the

amount of P,Os.

3.4 3P MAS NMR spectroscopy

Figure 8 shows the 3'P MAS NMR spectra for the as-prepared glasses with different content of P,Os, with
the average peak position moving towards more negative shift values with increasing level of P,Os. The 3'P
chemical shift is highly sensitive to the immediate geometry of the phosphate tetrahedra (i.e., number of
bridging and non-bridging oxygen) and also to the connected (neighboring) polyhedra, with a lower
chemical shift corresponding to higher shielding from the groups surrounding phosphorus. In the case of
these lithium-modified aluminoborate glasses, there are several possible contributors to the trends exhibited
in Figure 8. First, the Q" speciation of the phosphate groups may be affected by the overall glass
composition, where competition for the lithia modifiers between aluminum, boron, and phosphorus changes
with P,Os levels. As seen above for both aluminum and boron speciation, these cations are greatly impacted
by the alkali, forming both AI'Y and B!V tetrahedra in response to the presence of modifier. As P,Os is
added to the PO glass, aluminum coordination is mostly unaffected, while boron shows a slight reduction in
the fraction of B'Y groups, indicating that the added P,Os does remove Li" modifiers from mainly the borate
portion of the network, and as a result, some of the phosphorus polyhedra will have NBO and thus the
phosphate groups are not entirely Q3 units. This is evidenced by the *'P MAS NMR data in Figure 8, where
the peak position for the P2 glass is centered around -10 ppm, well downfield from the shifts normally
found for Q° phosphate groups (around -35 to -55 ppm)3. According to literature studies of lithium
phosphate glasses, the main peak for the P2 glass around -10 ppm lies between those of Q' and Q2
polyhedra’’, so in neglecting the impact of neighboring polyhedra, this might reflect a mixture of Q! and
(O phosphate groups in the P2 glass. This simple interpretation would require 2 and 1 Li* for each group,
respectively, so 1.5 Li,O for every mol of P,Os. For the P2 glass, this means that 3 moles of Li,O would be
necessary to form a 50:50 mixture of Q! and Q? phosphate groups, and given the results above for

aluminum and boron speciation, this Li,O would likely be taken from the boron groups, both seen as a
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reduction in N, (Fig. 5) and also the concomitant reduction in B,O; content with added P,Os (Table 1).
Considering both of these factors, the observation of partially depolymerized phosphate groups is expected.
The exact nature of the phosphate groups in the as-made P2 glass is more complicated than this simple
“binary”model, as indicated by the deconvolution of the 3'P MAS NMR data in the supplemental section
(see Figure S4c in the Supporting Information). In this case, at least three resonances are required for fitting,
with two of these corresponding directly to Q' and Q? groups like those in lithium phosphate glasses (e.g.,
peaks at -6 and -22 ppm, respectively). A third resonance around -13 ppm is necessary, and indicates
additional complexity in the phosphate speciation.

Another key contributor to 3'P chemical shifts in Al- (and B-) containing glasses is the impact of
these others cations when bonded to the phosphate groups. There are five primary possibilities for attaching
groups to phosphorus, which all are determined by the chemical shift (see Figure S4 and Table S5 in the
Supporting Information). First, we note that the 3'P peak of the P10 glass is broadened relative to those with
smaller phosphorus content, which could be a result of an increasing amount of phosphorus species present
as next nearest neighbors (NNNs). We here denote these as Q" units, where n is the number of bridging
oxygens. By deconvolution, we can assign a peak at -6 ppm to Q' groups®” without any Al (or B) NNNs
and another peak at -22 ppm to Q? groups’’ without any Al (or B) NNNs, showing that there are a
substantial amount of P-O-P bonding in the studied glasses. Based on the above analysis, we find that the
content of BV is relatively low, leading to the fewer B-O-P bonds. This is because B/P association does not
typically involve B 8, Since the amount of P with B NNN is low (although the ''B MAS NMR data
suggest that it is non-zero), we assume that the various Q" groups do not have B NNNs. Instead, we
consider the impact of Al as the NNNs, as supported from the steady increase in 2?’Al NMR shielding above.
Although the content of B,O; is higher than that of Al,O; in the glasses, it seems that P/Al association is
stronger than P/B, at least for these studied glasses. Therefore, we assign the more intense peak around -13
ppm to Q! groups, which must be a Q' phosphate group with one Al NNN. Since replacing the P-O-P with
P-O-Al leads to an increased shielding of around 7 ppm3°% (the decrease in chemical shift from -6 to -13
ppm), the most plausible assignment is for a Q' with one Al NNNs. A very weak peak at 8.5 ppm assigned
to the Q° groups (i.e., no connectivity with Al or B) is close to that in lithium orthophosphate (10 ppm).
Finally, we assign the peak around -29.6 ppm to O*! groups, which is a Q% phosphate group with one Al
NNN (around 7 ppm increase in shielding). From the deconvolution, we find that the area of the Q' units
decreases while that of the Q? units increases upon the addition of P,Os (Table S5 in the Supporting
Information). This indicates that Q' units convert to higher 0" units, and as a result, the 3'P average peak
position shifts to higher shielding (from -9.5 to -15.5 ppm) with increasing P,Os content from 2 to 10 mol%.

Figures 9a-c show the effect of densification on the 3'P MAS NMR spectra for the three P-containing
glasses. Upon hot compression, the 3'P peak position slightly increases, which we ascribe to a decrease in

the amount of P3 units and simultaneous increase in P! units. In turn, this facilitates the change in Al
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coordination, as higher-coordinated Al can serve as a charge compensator for some of the negative charges
on these polyhedra. Figure 9d shows that the average Q" (P) increases with the addition of P,Os. The
increase in the content of P,Os promote B-P association via formation of B-O-P bonds (P? and P? units),
and thus increase the average Q" (P). Surprisingly, we note that glasses with higher P,Os content show
larger decrease (from -0.041 to -0.087) in the average Q" (P) upon compression (Figure 10). Due to the
decrease in the average Q" (P), there is formation of more NBOs in studied glasses upon pressure. The
high-P content can promote the B-P association for the formation of B-O-P units, and thus leading to more
pressure-induced depolymerization of B-O-P units (P? and P3 units) for the conversion of B to BV (B! +

NBO — BIV54),

3.5 Volume densification and self-adaptivity
Figure 11a shows the compositional and pressure dependence of density (o) before and after hot
compression at 1 GPa and 2 GPa. The addition of P,Os has only a slight effect on the density, while the
density of each studied glass increases dramatically upon hot compression, which is in agreement with
previous work?* 1117, Furthermore, since there are also changes in the size of the atoms upon addition of
P,0s, we calculate the atomic packing density (C,) to further understand differences in free volume. Figure
11b shows the compositional and pressure dependence of atomic packing density (Cg). We can find that C,
decreases with the content of P,Os for all studied glasses, showing that the network becomes gradually
more open with P,Os addition. In order to better understand the difference in the extent of pressure-induced
densification for all lithium phosphoaluminoborate glasses, we calculate the irreversible plastic
compressibility, i.e., the extent of volume densification following decompression?’. As shown in Figure 11c,
the plastic compressibility decreases with increasing P,Os content. To further understand the relation
between volume densification and the short-range order structural changes, we calculated the correlation
between plastic compressibility and atomic self-adaptivity (inset Figure 11d). Self-adaptivity is defined the
({4n)Ap)/(poP), where (An) is the change in coordination number as determined by NMR, Ap is the change
in density, p, is the initial density, and P is the applied pressure. As such, the ability to self-adapt results
from the balance between the energy cost associated with each densification mechanism (inversely
correlated to the extent of pressure-induced change in coordination number (An)/P), and its efficiency in
increasing the packing density (proportional to the accompanying change in density Ap/py). We find a
positive correlation between atomic self-adaptivity and the pressure-induced volume densification.
Previous studies’!** have shown that B'Y units decrease the extent of densification in borosilicate glasses,
whereas B units enhance the densification of the glasses due to a more open network and planar structure.
Despite the positive correlation in Figure 11d, the change in the coordination number of boron and
aluminum does not constitute the full volume densification. Additional contributions include decrease in

the inter-tetrahedral bond angles and the average ring size, and increase in the distribution of network-
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former oxygen-bond lengths®!. To quantify the contribution of the boron and aluminum coordination
number changes to the overall pressure-induced volume densification (AV,,5/AV,), we follow the
approach of Wu et a/®?. This involves calculating the pressure-induced molar volume change only due to
boron and aluminum coordination changes (AV,,.;15) and the measured pressure-induced molar volume
change (AV,,)). AV,+5 1s calculated as,
Vinat+ 5y = [XA1203inV([i]Al)] + [XB203inV([i]B)]

®)

where X 1,0, and Xp,0, are molar fractions of ALLO; and B,O; in the glass, x; is the fraction of Al or B in
each coordination state, which is obtained from NMR data (Tables S3 and S4 in the Supporting
Information), V (;jay and V ((;g) are partial molar volumes of Al,O; and B,Oj; in each coordination state i.
The simplest assumption is that the partial molar volume of each oxide component in a glass is the same as
the molar volume of its pure oxide phase. Hence, the molar volume of B,0O; with three coordinated boron
Vin((318) can be approximated as that for pure B,O; glass (38.4 cm?/mol) and the molar volume of B,0;
with four coordinated boron Vi, ((41p) is taken as half of Vi,318) (19.2 cm?/mol) 62. Vi (j61a1) can be taken as
that for a- alumina (31.59 cm*/mol) and Vi, ((4ja1) as 37.42 cm*/mol. Vy((s)any is set to 34.505 cm?/mol) as
the average of its four- and six- coordinated counterparts 2. As shown in Table 2, we can find that there is a
smaller change from 1 to 2 GPa than from ambient to 1 GPa for both the molar volume (V,,) and V415
upon hot compression. The contribution of the boron and aluminum coordination number changes to the
overall pressure-induced densification can be expressed by the ratio AV, ..5/AV,, with contributions
above 50% at 2 GPa (Table 2). This is a large proportion of the pressure-induced volume densification
compared to that found for calcium aluminoborosilicate glasses (9-36% at 2 GPa)®?. This is likely because
the present glasses have more pronounced coordination number changes of Al and B upon compression,
which in turn is due to the high concentration of B,O; and Al,O; and lithium as modifier. That is,
reassociation of charge-balancing modifier cations from Al'Y to B!V sites is required upon compression,
which is promoted by the mobility of small lithium cations?. As shown in Table 2, we also find that the
Vincar+5) contribution to the overall change in measured ¥, becomes smaller with increasing content of P,Os,
matching the compositional trend in self-adaptivity (Figure S5 in the Supporting Information). This is
expected since phosphorous does not contribute to the coordination number changes, but only to changes in

O-speciation with limited differences in partial molar volume?.

3.6 Glass properties: T,, elastic moduli, and hardness
Figure 12 shows the compositional evolution of the glass transition temperature (7). We can find that the
addition of P,Os leads to a slight increase in the T, of the lithium phosphoaluminoborate glasses. This

indicates that the addition of P,Os results in a more rigid glass network, i.e., more atomic constraints per
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atom, which has been shown in earlier work to be positively correlated with higher glass transition
temperature?.

Next, we measured the elastic moduli and Poisson’s ratio (v) for the as-prepared and hot compressed
glasses (Figure 13a and Figure S6 in the Supporting Information). As seen for glass transition temperature,
the addition of P,Os has only a relatively small effect on the elastic moduli for all studied glasses. There is a
slight decrease in elastic moduli with the P,Os content. Elastic moduli generally increase with the bond
strength and the number of bonds per volume®. Recent topological models have found E to be positively
correlated with the volumetric constraint density 5. That is, the number of constraints per volume
decreases significantly with addition of P,Os, which is mainly as a result of the decrease of C, with P,Os
(Fig. 11b). This is because the number of constraints per atom only increases slightly when considering the
relatively small variation in 7, (Fig. 12).

The role of packing density on elastic moduli is also seen from the pressure-induced increase in all
elastic moduli, as consistent with previous findings!”!'!. Indeed, packing density scales positively with E
across pressures and compositions (Fig. 13b). We note that the elastic moduli also exhibit record high
changes (e.g., 59% increase in E for P2 glass upon compression at 2 GPa) as a result of compression (Table
ST), which is in agreement with the high extent of permanent volume densification exhibited by the studied
glass composition in comparison to other oxide glasses'!'”. Although the elastic moduli are thus easily
changed by compression, Vickers hardness is even more sensitive to the pressure treatment (see below),
resulting in a decrease in the elastoplastic ratio £/H with increasing pressure (Figure S6d in the Supporting
Information).

Figure 14a shows the compositional and pressure dependence of Vickers hardness (Hy), with the
addition of P,Os having a negative effect on Hy. Furthermore, we find that Hy increases upon hot
compression, which is in agreement with the previous works?>!"!7. The packing density increases and
hence the number of atomic bond constraints per unit volume also increases upon hot compression,
resulting in the increase of the Vickers hardness (Figure 14b). Furthermore, the extent of the increase in
Vickers hardness upon 2 GPa compression is more pronounced in glasses with higher plastic
compressibility (Figure 11c) and lower network former coordination numbers changes (Figure S7 in the
Supporting Information). However, the Hy vs. C, trend is not perfect (Fig. 14b), suggesting that the
pressure-induced increase in packing density is not the only reason for the increase in hardness. Indeed, the
coordination numbers of the network-forming boron and aluminum cations increase upon compression
(Figure S7 in the Supporting Information), resulting in more bond constraints per atom, and thus also

contributes to the increase of Vickers hardness.

4. Conclusions
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In this study, we have investigated the influence of composition and hot compression on the structure and
mechanical properties of lithium phosphoaluminoborate glasses. The addition of P,Os partially disturbs the
aluminoborate network through the formation of mainly P-O-Al and some P-O-B units, thus decrease the
atomic packing density. The P,Os addition also results in a minor decrease in the coordination number of
boron, but no change in that of aluminum. The introduced phosphate thus competes with boron for some of
the Li modifiers, leading to fewer Li-B!V interactions. The average Q" (P) increases with the addition of
P,0s, as more P,0Os promotes formation of B-O-P bonds (P? and P? units), and thus increases the average Q"
(P). The cation-oxygen coordination numbers of both boron and aluminum increase upon hot compression,
while the average Q" (P) decreases. The high-P,Os glasses have the largest pressure-induced increase in the
Al coordination number (from 4.26 to 4.90 for P10 glass) and largest decrease in the average Q" (P),
resulting in the formation of more NBOs in the compressed glasses, indicating that the higher coordinated
Al units are needed to charge-stabilize phosphate NBOs. The B and Al coordination number changes are
found to contribute significantly (around 50% at 2 GPa) to the overall volume densification, which is
significantly higher than that found in silicate glasses. The increases in bond constraint density (due to
volume densification) and network rigidity (due to higher average coordination number) are responsible for

the pressure-induced increase in hardness and elastic moduli.
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TABLES

Table 1. Analyzed chemical compositions of the lithium phosphoaluminoborate glasses (in mol%). The

uncertainty is around +1%.

GlassID | P,Os | B,O; | ALO; | Li,O
PO 0 53.6 20.7 25.7
P2 2.2 51.8 20.9 25.1
PS 4.9 50.9 20.4 23.8
P10 9.7 46.5 21.6 22.2
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Table 2. Estimation of volume changes based on the boron and aluminum coordination changes between
as-prepared and compressed glasses (AV,a:5)) by Eq. (8) and the measured molar volume changes

between as-made and compressed glasses (AV,).

Glass PO Glass P2 Glass | P5 Glass | P10 Glass
AV, at 1 GPa (cm3/mol) 2.40 2.38 2.38 2.38
AV, at 2 GPa (cm*/mol) 3.79 3.73 3.82 3.91
AV a1 at 1 GPa (cm*/mol) 1.05 1.04 1.03 0.88
AV a1 at 2 GPa (cm3/mol) 2.02 1.97 2.01 1.88
AV yars/AV,, at 1 GPa 43.8% 43.7% 43.3% 37.0%
AV yars/AV,, at 2 GPa 53.3% 52.8% 52.6% 48.1%
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LIST OF TABLE AND FIGURE CAPTIONS

Table 1. Analyzed chemical compositions of the lithium phosphoaluminoborate glasses (in mol%). The

uncertainty is around +1%.

Table 2. Estimation of volume changes based on the boron and aluminum coordination changes between
as-prepared and compressed glasses (AV,is)) by Eq. (8) and the measured molar volume changes

between as-made and compressed glasses (AV,,).

Figure 1. (a) Micro-Raman spectra of the as-prepared and compressed lithium phosphoaluminoborate
glasses with different content of P,Os (see sample IDs in Table 1). The spectra are divided into four main
different band regions. (b) Pressure dependence of the relative area fractions of the main Raman bands in

the P10 glass.

Figure 2. Al MAS NMR spectra for the as-prepared lithium phosphoaluminoborate glasses with different

content of P,Os.

Figure 3. Effect of hot compression on the 2?’A1 MAS NMR spectra for (a) PO glass, (b) P2 glass, (¢) P5
glass, and (d) P10 glass.

Figure 4. (a) Composition and pressure dependence of the average coordination number (CN) of aluminum.
(b) Composition dependence of the change in aluminum coordination number with pressure (ACN/P). The

error in aluminum’s CN is around +0.02.

Figure 5. ''B MAS NMR spectra for the as-prepared lithium phosphoaluminoborate glasses with different

content of P,Os. Arrows indicate changes in the direction of increasing P,Os content.

Figure 6. Effect of hot compression on the !'B MAS NMR spectra for (a) PO glass, (b) P2 glass, (c) P5
glass, and (d) P10 glass.
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Figure 7. (a) Composition and pressure dependence of the average coordination number (CN) of boron. (b)
Composition dependence of the change in boron coordination number with pressure (ACN/P). The error in

boron’s CN is around £0.01.

Figure 8. 3'P MAS NMR spectra for the as-prepared lithium phosphoaluminoborate glasses with different

content of P,Os.

Figure 9. Effect of pressure on the 3'P MAS NMR spectra for (a) P2 glass, (b) P5 glass, and (c) P10 glass.

(d) Composition and pressure dependence of the average 0" (P).

Figure 10. Composition dependence of the change in phosphorous speciation with pressure (AQ"/P).

Figure 11. Compositional and pressure dependence of (a) density (o) and (b) atomic packing density (Cy).
(c) Composition dependence of plastic compressibility. (d) Correlation between plastic compressibility and

atomic self-adaptivity.

Figure 12. Composition dependence of the glass transition temperature (7,) for as-prepared lithium

phosphoaluminoborate glasses with different content of P,Os. The error in 7, does not exceed 2 °C.

Figure 13. (a) Compositional and pressure dependences of the elastic moduli (Young’s (£)) in the lithium

phosphoaluminoborate glasses. (b) The relation between Young's modulus and atomic packing density.

Figure 14. (a) Compositional and pressure dependence of Vickers hardness (H)) in the lithium

phosphoaluminoborate glasses. (b) The relation between Vickers hardness and atomic packing density.
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