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Abstract
Connecting structure with mechanical properties is needed for improving the
mechanical reliability of oxide glasses. Although the mechanical properties of
silicate and borosilicate glasses have been intensively studied, this is not the
case for phosphate and borophosphate glasses. To this end, we here study the
structure, density, glass transition, hardness, elasticity, and cracking behavior
of lithium borophosphate glasses. The glasses are designed with different B/P
ratios to access different boron and phosphorus speciation. The introduction of
boron in the phosphate network increases the average network rigidity because
of the reduction in the fraction of nonbridging oxygens as well as the exchange of
phosphate groups with more constrained BO4 groups. These structural changes
result in an increase in density, Vickers hardness, glass transition temperature,
and Young’s modulus, and a decrease in Poisson’s ratio for higher B2O3 content.
Furthermore, the increase in network rigidity and atomic packing density results
in a lower ability of the glasses to densify upon indentation, resulting in an overall
decrease in crack initiation resistance. Finally, we find an increase in the fraction
of trigonal boron units in the high-B2O3 glasses, which has a significant effect on
atomic packing density and Vickers hardness.

KEYWORDS
borophosphate glasses, indentation, mechanical properties, structure, structure–property
relations

1 INTRODUCTION

Oxides glasses are hard and chemically durable mate-
rials that have been used in many applications, from
automotive and architectural window glasses to protec-
tive screens for electronic devices and optical fibers in
high-speed internet cables. The relatively low practical
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original work is properly cited.
© 2022 The Authors. International Journal of Applied Glass Science published by American Ceramics Society and Wiley Periodicals LLC.

strength and limited toughness of glasses can be ascribed
to the existence of surface flaws and the lack of a stable
shearing deformation mechanism.1 Glass scientists have
therefore been interested in discovering and designing
stronger and tougher glass materials. The compositional
design of new glasses is a promising method to improve
its mechanical properties because the glass composition
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can be designed using a wide variety of elements from
the periodic table.2 However, the relationship among glass
composition, atomic structure, and mechanical properties
remains poorly understood, despite the advances in espe-
cially structural characterization of the disordered atomic
structure of glasses.
Despite not being as industrially important as silicate

glasses, borate glasses have been applied in certain appli-
cations, such as batteries, metal seals, and biomedical
components,3–5 due to their relatively lowmelting temper-
ature and similar thermal expansion coefficient withmany
metals or ceramics. In addition, borate glasses exhibit some
interesting structural features, including (i) rich medium
and short-range structures6–8 and (ii) highly temperature-
,9 humidity-,10,11 and pressure12–14-sensitive network struc-
ture. These characteristics have given rise to the discovery
of some borate glass series with good inherent dam-
age resistance, such as boroaluminosilicate15–17 and alkali
aluminoborate compositions.18–20 Among them, alumi-
noborate glasses11,19 have been shown to feature a highly
structurally adaptive response to an applied stress, particu-
larly as a result of a pressure-induced increase in the boron
coordination numbers, which helps to improve the crack
initiation resistance. That is, glasses with higher content
of trigonal boron units tend to have higher crack initiation
resistance than those with more tetrahedral boron units.
Moreover, cesium aluminoborate glasses possess ultrahigh
crack resistance after humid aging posttreatment.10,11 In
some compositional ranges, the borate network structure
cannot accommodate more tetrahedral boron units and,
thus, forms nonbridging oxygens (NBOs), which depoly-
merize the glassy network structure. Previous studies21,22
have found that the NBO content also affects the mechan-
ical properties of the glass, with low NBO content pro-
moting densification during the indentation process and
thereby improving the crack initiation resistance. Further-
more, there are various superstructural units in borate
glasses, which also affect the glass properties, includ-
ing bulk density, glass transition temperature, thermal
expansion coefficient, and ionic conductivity.23–25
Our previous work26 found that the coordination

numbers of Al and B increase significantly under an
applied pressure or stress in lithium phosphoaluminobo-
rate glasses with high content of P2O5. Indeed, the volume
densification experienced by these glasses can to a large
extent be ascribed to these coordination number changes,
whereas a smaller fraction of the volume densification can
be ascribed to such changes in silicate glasses.12 Under-
standing the structure densification mechanism of oxide
glasses plays a key role in controlling their deforma-
tion mechanism and cracking behavior.27–29 Therefore, in
this work, we studied lithium borophosphate glasses. Our
study focuses on the effect of the boron-to-phosphorus

ratio (for a constant lithium oxide content) on the glass
structure and mechanical properties. Specifically, we have
measured density (ρ), atomic packing density (Cg), glass
transition temperature (Tg), elastic properties, Vickers
hardness (Hv), and crack initiation resistance (CR) as well
as Raman and 6Li/7Li, 11B and 31P magic angle spinning
(MAS) nuclearmagnetic resonance (NMR) spectroscopy of
lithium borophosphate glasses.
Wenote that previousworks30,31 have studied the forma-

tion, glass transition temperature, structure, and electrical
conductivity of lithium borophosphate glasses, showing
that the introduction of boron leads to more P–O–B and
B–O–B bonding but less P–O–P bonding and fewer NBOs.
This results in increasing Tg and electrical conductivity.
However, the correlation between structure and mechani-
cal properties of this glass series is still missing. To design
stronger and tougher glasses, the key challenge is to estab-
lish a structural understanding of glass fracturemechanics
at all relevant length scales, including the relation between
structural transformations and various mechanical prop-
erties. The present study, therefore, provides new insights,
for example, regarding the role of P–O–B bonding on glass
hardness and crack initiation resistance.

2 EXPERIMENTAL PROCEDURES

2.1 Glass preparation

In this study, a variety of lithium borophosphate glasses
were synthesized by using the traditional melt-quenching
technique. That is, 45Li2O–(55− x)P2O5–xB2O3 with x= {0,
5.5, 11, 16.5, 22} (in mol%). The utilized raw materials were
Li2CO3 (≥98.5%, Merck KGaA), H3BO3 (≥99.5%, Honey-
well International), and NH6PO4 (≥99.5%, Merck KGaA).
First, the previous raw materials were weighed accord-
ing to the calculation and fully mixed. Then, the mixed
ingredientswere gradually added to the preheated alumina
crucible, which was used to avoid damage of Pt crucibles
for these compositions at high temperature. The crucible
was placed in a furnace at 800◦C for around 1 h to remove
H2O, CO2, and NH3. Next, the mixed batch was melted at
950–1100◦C for 0.5–1 h in air, and then this melt with low
viscosity was poured onto a steel plate for the quenching
process. The prepared glasses were quickly transferred to a
preheated annealing furnace and heated at the estimated
Tg for around 30min and then slowly cooled down to room
temperature.
Subsequently, we used differential scanning calorimetry

measurements (STA 449 F3 Jupiter, Netzsch) to determine
the glass transition temperature (Tg) of all obtained glasses
in Pt crucibles (in argonwith a gas flow rate of 60mlmin−1)
at a constant heating/cooling rate of 10 K min−1. The
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40 LIU et al.

TABLE 1 Analyzed chemical compositions of the lithium
borophosphate glasses (in mol%)

45Li2O–xB2O3–(55 − x)P2O5 in mol%
Glass ID B2O3 P2O5 Li2O Al2O3

LiPB-0 0.0 52.8 46.4 0.7
LiPB-5.5 5.2 47.9 46.3 0.5
LiPB-11 10.9 42.4 46.5 0.1
LiPB-16.5 16.4 37.4 45.8 0.4
LiPB-22 21.7 32.2 44.0 2.1

Note: The uncertainty is around ±.2%.

recorded isobaric heat capacity (Cp) curves are shown
in Figure S1. We have summarized the Tg values and
other property data in Table S1. After determining Tg, all
obtained glasses were reannealed at the measured Tg val-
ues for 30 min and then cooled down to room temperature
at a rate of around 3 K min−1.
Finally, all reannealed glasses were cut to the needed

dimensions and polished to an optical finish in 99.9%
ethanol by using SiC grinding paper (grits 220, 500,
800, 1200, 2400, and 4000). Furthermore, the chemical
compositions of all as-made glasses were analyzed using
inductively coupled plasma optical emission spectroscopy
for B2O3 and P2O5 and flame emission spectroscopy for the
determination of Li2O content (see Table 1). In addition,we
also used the inductively coupled plasma mass spectrom-
etry method to further determine the content of Al2O3 in
all samples (from crucible contamination) and any trace
content of B2O3 in the LiPB-0 glass. These contents have
also been included in Table 1. Due to the volatility of B
and P at high temperatures, we can find some minor dif-
ferences between the nominal and analyzed compositions.
In addition, we measured a small amount of Al2O3 in all
the glasses, especially in the LiPB-22 glass, indicating that
the molten glass had reacted with the alumina crucible
at high temperatures. We also melted glasses with higher
borate content, but in these cases, the alumina content
became unacceptably high and we therefore focus on the
five glasses in Table 1 in this work.

2.2 Density and atomic packing density

Archimedes buoyancy principle was used to determine the
density (ρ) of the glass samples. To this end, we first mea-
sured the weight of each sample (at least 3 g) at least 10
times in both 99.9% ethanol and atmosphere (atmospheric
pressure, 23◦C). Subsequently,we calculated themolar vol-
ume (Vm) from the ratio of molar mass to density. Next,
to better analyze the difference of free volume between
these glasses, we calculated the atomic packing density
(Cg). This calculation wasmade by assuming twofold coor-

dination for O and sixfold coordination for Li, whereas we
used theNMR results (see later) to extract the coordination
numbers for B, P, and Al. Cg is then defined as the ratio
between the theoretical molar volume occupied by ions
(assumed to be spherical) and the effective molar volume
of the glass,

𝐶𝑔 = 𝜌

∑
𝑓𝑖𝑉𝑖∑
𝑓𝑖𝑀𝑖

(1)

where𝑉𝑖 =
4

3
𝜋𝑁(𝑥𝑟3

𝐴
+ 𝑦𝑟3

𝐵
) represents themolar volume

of an oxide AxBy with the molar fraction fi and the molar
mass Mi, N denotes Avogadro’s number, and rA and rB
are the ionic radii of the cations and anions, respectively,
which are taken from Shannon.32

2.3 X-ray diffraction

WeobtainedX-ray diffraction (XRD,EmpyreanXRD, PAN-
alytical) patterns of all glass specimens from 2.5 to 80◦

at 40 kV with a scanning speed of 8◦ min−1. We could
not identify any signs of crystallization from the XRD
results (Figure S2). Furthermore, all obtained glasses were
transparent and showed no signs of liquid–liquid phase
separation.

2.4 Raman spectroscopy

Raman spectra were collected using a micro-Raman spec-
trometer (inVia, Renishaw). The sample surface was
excited by a 532-nm green He–Ne laser for an acquisi-
tion time of 10 s. The range of the spectrum was from
250 to 1750 cm−1, and the resolution was better than
2 cm−1. Spectra from five different surface locations were
accumulated for each glass to ensure homogeneity. All
spectra were uniformly treated in Origin software for back-
ground correction and area normalization. No significant
differences across the sample surface were observed, sug-
gesting that the glasses are compositionally homogeneous
(see Figure S3).

2.5 Solid-state NMR spectroscopy

11B MAS NMR experiments were conducted at 16.4 T by
using a commercial spectrometer (DD2, Agilent) and a
commercial triple-resonance 3.2-mm MAS NMR probe
(Agilent). The resonance frequency for 11B at this exter-
nalmagnetic fieldwas 224.52MHz.Glasseswere powdered
with an agate mortar and pestle and then loaded into zir-
conia rotors for sample spinning at 20 kHz. Data were
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LIU et al. 41

collected with short radio-frequency pulse widths of .6 μs
(π/12 tip angle) and relaxation delays of 4 s for 11B. Sig-
nal averaging was performed using 600–1000 scans per
experiment.

6Li and 7Li MAS NMR spectra were also collected at
16.4 T using the same configuration as for 11B NMR above.
Powdered glasses in 3.2-mm zirconia rotors were spun at
22 and 15 kHz for 7Li and 6Li NMR, respectively. 7Li MAS
NMR, with a resonance frequency of 272.0 MHz, was per-
formed using π/6 pulse widths (1 μs), delays of 10 s, and
32 acquisitions. 6Li MAS NMR spectra, at a resonance fre-
quency of 103.0MHz, were acquired using pulse lengths of
1.5 μs (π/6 tip angle), recycle delays of 600 s to accommo-
date themuch longer spin-lattice relaxation times, and 100
acquisitions.

31P MAS NMR data were acquired using a commer-
cial console (VNMRS, Varian) and a 3.2-mm MAS NMR
probe (Chemagnetics), in conjunction with an 11.7 T wide
bore superconducting magnet and a resonance frequency
of 202.30 MHz. Powdered glasses were contained in 3.2-
mm zirconia rotors and sample spinning was controlled
to 20 kHz. Measurement conditions included π/6 pulse
widths of 1.2 μs, recycle delays of 60 s, and acquisition of
nominally 1500 scans.
MAS NMR spectra for the different nuclei were pro-

cessed without any additional apodization, plotted using
the normal shielding convention, and with shift referenc-
ing to aqueous boric acid (19.6 ppm), aqueous lithium
chloride (.0 ppm), and 85% H3PO4 solution (.0 ppm). 11B
MAS NMR data were fit with DMFit33 utilizing second-
order quadrupolar lineshapes for 11B trigonal peaks and
a combination of Gaussian and Lorentzian lineshapes for
11B tetrahedral resonances. The overlapping satellite tran-
sition spinning sideband for the BIV resonance34 was also
fit and subtracted from the integration, yielding accu-
rate site intensities for all BIII and BIV peaks. 31P MAS
NMR data were fit using DMFit and 100% Gaussian line-
shapes. Due to the substantial overlap of 31P resonances,
fittingwas performed using peak positions for the two end-
member glasses and literature values for different lithium
phosphate groups, as discussed later. The width and shift
of each 31P resonance were held in a narrow range to
facilitate fitting and estimates for the different phosphate
groups.

2.6 Elastic modulus

The glasses’ elastic properties weremeasured by ultrasonic
echography using an ultrasonic thickness gauge (38DL
Plus, Olympus) equipped with 20-MHz delay line trans-
ducers for the determination of the longitudinal V1 and
transversal V2 wave velocities. The longitudinal modulus

C11, shear modulus G, bulk modulus B, and Young’s mod-
ulus E, as well as the Poisson ratio ν, were calculated using
the following relations, which are applicable for isotropic
materials:

𝐶11 = 𝜌𝑉2
1
, (2)

𝐺 = 𝜌𝑉2
2
, (3)

𝐵 = 𝐶11 −
4

3
𝐺, (4)

𝜐 =
3𝐵 − 2𝐺

6𝐵 + 2𝐺
, (5)

𝐸 = 2𝐺 (1 + 𝜐) . (6)

2.7 Vickers hardness

The Vickers hardness of the glasses wasmeasured by using
the Nanovea CB500 hardness tester. First, we produced
15 indents on each specimen with a maximum load of
0.98 N (0.1 kgf), where the loading duration and dwell time
were 6 and 10 s, respectively. Subsequently, the residual
imprints were analyzed immediately after unloading (20–
30 s) with an optical microscope, allowing us to calculate
Hv as

𝐻𝑣 = 1.8544
𝑃(

𝑑1+𝑑2

2

)2
, (7)

where P is the load of 0.98 N, and d1 and d2 are the length
of the projected indent diagonals.

2.8 Crack initiation resistance

Next, we produced 10 indents at different loads on each
specimen with a Vickers diamond tip (loading duration
of 6 s and dwell time of 10 s) to evaluate the crack initia-
tion resistance (CR). The measurements were conducted
under laboratory conditions (room temperature, relative
humidity of 35 ± 5%RH). We calculated the probability of
crack initiation (PCI) at each load by using the method of
Wada et al.,35 where PCI is the ratio between the number
of corners with a corner crack and the total number of cor-
ners (4 for Vickers). Then, CR is defined as the load when
there are two cracks on average for each Vickers indent
(PCI = 50%).
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42 LIU et al.

3 RESULTS AND DISCUSSION

3.1 Raman spectroscopy

First, we used micro-Raman spectroscopy to study the
structural differences in the lithiumborophosphate glasses
with different B/P ratios. Figure 1A shows the micro-
Raman spectra of the investigated glasses. To better
analyze the Raman results, we divide the micro-Raman
spectra into three main band regions, and the results are
shown in the following. It should be noted that phosphate
glasses are usually composed of PO4 tetrahedra. These are
denoted as Qn groups, with n representing the number of
bridge oxygen atoms shared by two neighboring P.
The low-frequency band region I mainly contains the

structural units associated with bending of PO4 units,26
cation oxygen polyhedra and (P2O7)4− groups,36,37 and (P–
O–P)sym in Q2 units.37 In this frequency range, we only
observe one band and the relative intensity of this band
decreases with the content of B2O3, consistent with a
smaller concentration of PO4 units.
Next, we observe that the intermediate-frequency band

region II (∼400–820 cm−1) contains two different bands,
where the Raman shift and intensity of these two bands
depend on the B/P ratio. In the LiPB-0 glass without B2O3,
the band region IIa (∼690 cm−1) is characteristic for sym-
metric stretching vibrations of P–O–P bonds,36–39 such
as (P–O–P)sym stretch (bridging oxygen) with Q1 species
and (P–O–P)sym stretch (bridging oxygen) with Q2 species.
We found that the intensity of this band decreases as
the concentration of B2O3 increases. In the LiPB-11 glass,
the addition of B2O3 begins to have a significant effect
on the glass structure as evident from the change in the
shape of band region II. In addition, we found in the

LiPB-16.5 glass that the peak IIa is replaced with two new
peaks at ∼660 (IIb) and ∼750 (IIc) cm−1. The peak IIb is
associated with a phosphate chain connected to the BO4
unit, whereas the peak IIc is typically assigned to borate
superstructures.7,40–42 Furthermore, we find that the for-
mation of boron superstructures and phosphate chains
connected to the BO4 units result in a wider band region
II upon B2O3 addition.
Finally, in the high-frequency band region III (∼820–

1400 cm−1),36 we clearly find that there are two distinct
bands (IIIa and IIIb) in low-B2O3 glass (LiPB-0 to LiPB-16.5
glasses), whereas one new band (IIIc) can be observed in
high-B2O3 glass (LiPB-16.5 glass) because of peak broaden-
ing and position changes (see Figure 1B). The Raman shifts
and intensity of these two bands depend on the B/P ratio.
In the LiPB-0 glass, the band region IIIa (∼1175 cm−1) is
expected to result fromvibrations of the symmetric stretch-
ing mode of P–O–P NBOs, such as (PO3)sym stretch (NBO)
with Q1 species, (PO2)sym stretch (NBO) with Q2 species,
P–O stretch with Q1 chain terminator, and “strained”
(PO2)sym.43 The band region IIIc (∼1030 cm−1) is expected
to be due to the borate superstructures.44,45 With an
increase in the B2O3 content, we find that the position
of the band region IIIa shifts toward lower frequencies
(Figure 1B), indicating the formation of BO4 units. In addi-
tion, upon increasing the B2O3 content, the formation of
BPO4 and (P2O7)4− units around 1100 (in LiPB-16.5 glass)
and 1030 cm−1 (in LiPB-22 glass) is observed, resulting in
a wider band region III upon B2O3 addition. Finally, the
high-frequency band region IIIb (∼1265 cm−1) can likely
be ascribed to vibrations of the symmetric stretch of the
P–O terminal oxygens ((P = O)sym stretch) and (PO2)asym
stretch (NBO)withQ2 species. The relative intensity of this
band region becomes smaller at higher B2O3 content.

F IGURE 1 (A) Micro-Raman spectra and (B) peak position of the micro-Raman band around 1175 cm−1 for the annealed lithium
borophosphate glasses as a function of the B2O3 content
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LIU et al. 43

F IGURE 2 (A) 11B magic angle spinning (MAS) nuclear magnetic resonance (NMR) spectra for the boron-containing lithium
borophosphate glasses. (B) Composition dependence of the average coordination numbers of boron. (C) Composition dependence of the
population of four BIV species. Inset: 11B MAS NMR spectra with four distinct BIV species indicated by the dotted vertical lines. (D)
Composition dependence of the fraction of P–O–B bonds as calculated from Equation (8)

3.2 11B MAS NMR spectroscopy

To better analyze the short-range structure difference in
the investigated series of glasses with varying B/P ratios,
we have performed 11B, 31P, and 6Li (7Li) MAS NMR mea-
surements. The determined speciation for B and P are
given in Tables S2–S4.
Figure 2A shows the 11B MAS NMR spectra related to

the four boron-containing glasses. In the three low-B2O3
glasses (LiPB-5.5 to LiPB-16.5 glasses), the boron specia-
tion mainly consists of BIV units (around −3.5 to −3 ppm,
>98%). In the LiPB-22 glass, we observe the appearance
of a significant fraction of BIII units (around 13 ppm) due
to the continuous increase in the content of B2O3. In
other words, the average coordination number of boron
decreases with the addition of B2O3 (Figure 2B), indicat-
ing that the increase in the content of B2O3 will lead to the

conversion of BIV to BIII, especially in the LiPB-22 glass.
This is likely because the boron network formers compete
with phosphorus for the Li+ modifiers, and for high-B2O3
glasses, the amount of Li–BIV interaction is insufficient,
thus the modification level of borate polyhedra is low. Fur-
thermore, a small amount of Al2O3 contamination (less
than ∼2 mol%) from the crucible could be another con-
tributing factor to the conversion of BIV to BIII, especially
in the LiPB-22 glass (Table 1). That is, similar to traditional
Al-bearing glasses, each Al atom requires Li+ for charge-
balancing, thus resulting in fewer available Li+ to convert
BIII to BIV. On the other hand, it is well known in alu-
minophosphate glasses that charge-balancing of both Al
andPpolyhedra can be achievedwithout the need formod-
ifiers (e.g., Li+). In this scenario, the small amount ofAl2O3
contamination could increase the concentration of avail-
able Li+, leading to an increase in BIV, or possibly BIII with
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44 LIU et al.

NBO. In order to better understand the structural impact
of Al2O3 contamination in these glasses, we have mea-
sured the 27Al MAS NMR spectrum of the LiBP-22 glass
(Figure S4), which shows three resonances correspond-
ing to Al in four-, five-, and six-fold coordination. The
positions of these peaks, especially when considering the
magnetic field used for the NMR experiment, indicate sub-
stantial interaction between Al polyhedra and phosphate
groups. That is, the AlO4 peak around 42 ppm and the
AlO6 resonance at−13 ppmare both shifted significantly to
higher shielding as a result of next–nearest neighbor phos-
phate groups, as is typical in aluminophosphate glasses.
Thus, the likely presence of Al–O–P bonding could slightly
increase the amount of Li+ available to interact with B—
one reason to avoid such complications in the glasses
with higher levels of Al2O3 contamination.However, given
the relatively low concentration of Al2O3 in these glasses
(Table 1), the impact on B and P coordination is minimal.
As the B2O3 content increases, we observe other changes
(peak BIV position and shape) in the 11BMASNMR spectra
(see Figure 2A). The fitting of the 11B MAS NMR spec-
tra (see Table S3 and Figure S5) helps us to understand
these structural changes, because BIV can be deconvoluted
into four distinct species in this series of glasses. Figure 2C
shows the composition dependence of the four distinct
BIV species, as well as the corresponding 11B MAS NMR
spectra.
We clearly observe that the position of the BIV units

shifts to lower shielding (from −3.5 to −0.8 ppm) with
increasing B2O3 content (from 0 to 22 mol%), indicating a
close relation to the interaction between phosphate groups
and BIV units.46 In fact, our previous work47 has shown
that the P NNNs (phosphorus species present as next near-
est neighbors) group have a strong shielding effect on BIV
units. That is, the interactions of phosphate groups with
BIV units result in amore negative shift. Therefore, as B2O3
content increases in this series of glasses, B(4P) will be
converted into B(3P), B(2P), and eventually B(1P) (where
B(nP) means one B atom surrounded by n P atoms as
NNNs, see Table S3), which can result in the shape of the
BIV units to change and reduce the shielding effect on BIV
units. In addition, the glass composition also influences
the BIII signal. In Figure 2A, this may not be obvious, but
it can be clearly observed from the fitting of the 11B MAS
NMRdata (Table S2 andFigure S5) that the BIII peak can be
deconvoluted into two different BIII units. Therefore, the
addition of B2O3 leads to a direct increase in the content of
BIII resonance, which includes symmetric BIII (all bridging
oxygen) and asymmetric BIII (two bridging oxygens and
one NBO). Furthermore, increasing the content of B2O3 at
the expense of P2O5 leads to a higher relative content of the
asymmetric BIII groups, though the relative peak areas for
the two BIII resonances (Table S2) have large uncertainties.

F IGURE 3 Composition dependence of the fractions of the
number of total nonbridging oxygens (NBOs) and molar
concentration of BIII and BIV units. The latter are calculated from
the glass compositions (Table 1) and boron speciation data derived
from 11B magic angle spinning (MAS) nuclear magnetic resonance
(NMR) measurements (Table S2).

To better understand the connectivity between B and P
polyhedra in this series of glasses, we have calculated the
molar fractions of the P–O–B bonds based on the following
equation and the data from theNMRanalyses. The result is
shown in Figure 2D. This fraction first increases and then
decreases with the amount of B2O3 in this series of glasses.
In the LiPB-22 glass, the molar fraction of P–O–B bonds
slightly decreases, likely due to the decrease in the amount
of P2O5 and the coordination environment change of the
boron (the conversion of BIV to BIII), as well as the for-
mation of the new linkages of type B-(OP)3 together with
B–O–B bonds.31 This is because the B/P association does
not typically involve BIII units.48 This shows that the con-
nectivity between B and P polyhedra strongly depends on
the composition.

P − O − B (mol%) = 2 × B2O3 (mol%) ×BO4 (atom%)

×

[
1

2
B (1P) +B (2P) +

3

2
B (3P) +2B (4P)

]
(atom%)

(8)

Finally, we have studied the influence of the addition of
B2O3 on the fraction of total NBOs in the glasses (Figure
3). According to the results from Tables 1 and S2, we have
calculated the fraction of total NBOs andmolar concentra-
tion of BIII and BIV units. In the borate-based glasses, the
network structure cannot accommodate more tetrahedral
boron units and at that point, NBOs are instead formed.
Therefore, in these glasses, all Li+ ions are used to charge-
compensate BO4 groups or form NBOs (i.e., on P). Some
BIV unitswill likely interactwith P to formBPO4-like units,
where the B and P effectively charge-balance each other
and, thus, consume fewer modifiers (Li+ ions). Therefore,
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LIU et al. 45

F IGURE 4 (A) 31P magic angle spinning (MAS) nuclear magnetic resonance (NMR) spectra of the lithium borophosphate glasses. (B)
Composition dependence of the relative fractions of the phosphorus Qn species as determined by deconvoluting the 31P MAS NMR spectra.

in this study, the fraction of total NBOs is estimated as
follows:

𝑁𝐵𝑂𝑠𝑡𝑜𝑡𝑎𝑙 =
𝑋Li+ −

(
𝑋BO4

− 𝑋BPO4

)
𝑋O2−

, (9)

where Xi is the molar fraction of species i in the glass. In
Equation (9), the numerator calculates the total fraction of
Li+ minus the part of BO4 units used for charge-balancing
Li+ (i.e., as BPO4 units are not requiring charge-balancing
from Li+). Based on Figure 2C, this assumes that only
B(4P) units belong to BPO4-like units, and thus all other
BO4 units take Li+ from the phosphate groups. It is
important to note that we do not include the NBO con-
tribution from asymmetric BIII units, which are believed
to be present in the high-B2O3 glasses but are difficult to
accurately quantify.
B2O3 addition leads to an increase in both molar con-

centrations of BIV and BIII (especially in the LiPB-22 glass,
see Figure 3). Therefore, we find in this study that the
fraction of total NBOs decreases overall with the addition
of B2O3 due to the increase in the molar concentration
of tetrahedral boron units. This is consistent with the
micro-Raman result that the band region IIIa shifts toward
lower frequencies. Furthermore, in the LiPB-5.5 glass, the
fraction of total NBOs increases slightly (from 29.9% to
30.0%) upon the addition of B2O3. To understand the com-
position dependence of NBOs, we note that the initial
B2O3 addition is mainly in the form of B(4P) units with
a smaller fraction of other BO4 units. This explains why
the total number NBOs does not initially change much,
that is, because the added boron barely needs any charge-
balancing from Li+. As more B2O3 is added, more of
the non-B(4P) groups form, thus interacting with more

of the Li+ modifiers and reducing the total number of
NBOs.

3.3 31P MAS NMR spectroscopy

Figure 4A presents the 31P MAS NMR spectra of the
lithium borophosphate glasses, with an example of the
deconvolution for the LiBP-16.5 glass shown in Figure S6.
First, we find that the average main peak position of the
31P MAS NMR spectra shifts to a less negative value (from
−24 to −11 ppm) upon the addition of B2O3. Due to the
competition for Li+ modifiers between boron and phos-
phorus species (as well as aluminum in LiPB-22 glass),
the geometry of phosphate tetrahedra and the connected
(neighboring) polyhedra, that is, Qn speciation of the phos-
phate groups, may be affected by the glass composition. As
seen earlier in the analysis of boron speciation, boron spe-
ciation is greatly impacted by Li+ enabling the formation
of BIV tetrahedra. In the normal P-free borate and borosili-
cate glasses, all BO4 groups require charge-balancing, and
thus other network polyhedra will be further polymerized.
In this study, the B2O3 was added to LiPB-0 glass and
boron speciation shows an increase in the mole fraction
of BO4 groups, indicating that the added B2O3 did indeed
remove a fraction of the Li+ modifier from the phosphate
portion of the network when a higher content of B2O3
(>5.5 mol%) is introduced. However, these Q3 and Q2 units
of the phosphate groups were converted to lower Qn units,
indicating that phosphate groups are depolymerized upon
the addition of B2O3.
The composition dependence of the fraction of different

phosphorus Qn species49,50 is shown in Figure 4B, which
supports the previous point. This is because more P units
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46 LIU et al.

interact with B units upon the addition of B2O3, which
leads to a significant increase in the relative fraction of
the Q1–1 groups (Q1 phosphate group with one B NNN) as
shown in Figure 4B. In the LiPB-0 glass, the main peak
position is found at about−24 ppm,which is between those
of Q2 (∼22 ppm) and Q3 (∼30 ppm) polyhedra.49,51 There-
fore, if the influence of neighboring polyhedra is neglected,
this result shows that there is a mixture of Q2 and Q3

phosphate groups in the LiPB-0 glass. Another important
factor affecting the 31P chemical shift is the effect of the
combination of boron cationswith phosphate groups. Four
main possibilities for connecting boron groups to phos-
phorus exist, which in turn determine their chemical shift.
First, we observe that the main peak of 31P widened with
the addition of B2O3, which is attributed to the increase
in the number of boron species as NNNs of phosphorus
groups. Here, according to the deconvolution of the 31P
peak, we assign a peak at around −5 ppm to Q1 groups49
without any B NNNs, another peak at around −22 ppm to
Q2 groups49 without any B NNNs, and a peak at around
−30 ppm to Q3 groups51 without any B NNNs. This sug-
gests that there is a larger number of P–O–P bonds in this
glass series. In addition, we assign the more intense peak
at around −15 ppm to Q1–1 groups, that is, a Q1 phosphate
groupwith one BNNN.As shown in Figure 4B, the relative
fractions of Q2 and Q3 phosphate units decrease, whereas
that of Q1 and Q1–1 groups increase upon the addition of
B2O3. This indicates that the addition of B2O3, that is, the
removal of P2O5, results in the conversion of Q2 and Q3

phosphate units to Q1 and Q1–1 groups (the formation of
pyrophosphate), and consequently, the average peak posi-
tion of 31P shifts positively (from −24 to −11 ppm) with
increasing B2O3 content from 0 to 22 mol%. These results
are in good agreement with the variation in P–O–B bonds
and NBOs fraction as determined from the 11B MAS NMR
data.

3.4 6Li and 7Li MAS NMR spectroscopy

Due to the homonuclear dipolar coupling of higher
abundance 7Li nucleus,52 the 6Li MAS NMR spectrum
tends to yield narrower resonances and better spectral
resolution.49,53 Figure 5 presents 6Li MASNMR spectra for
the lithium borophosphate glasses, showing a systematic,
downfield shift in the 6Li resonance with composition. 7Li
MAS NMR data (see Figure S7) show the same system-
atic shift with composition. In both sets of spectra, these
peaks all exhibit a single broad isotropic resonance cen-
tered at −0.7 to −0.9 ppm, which are assigned to LiO4 or
LiO5 polyhedra.54 In the LiPB-0 glass, there is a notice-
able asymmetry in the 6Li MAS NMR peak (or multiple
peaks) related to different Li+ sites around the various

F IGURE 5 6Li magic angle spinning (MAS) nuclear magnetic
resonance (NMR) spectra for the lithium borophosphate glasses.
The arrow indicates the change in the direction of increasing B2O3

content.

phosphate groups.54 Furthermore, we find that the main
peak of 6Li MAS NMR spectra becomes sharper and shifts
toward lower shielding (from −0.9 to −0.7 ppm) with the
addition of B2O3, indicating that the addition of B2O3
results in decreasing average coordination number of Li
and/or decreasing Li–O distance (positive shift of this
peak), in turn reflecting an increase in the covalency of the
Li–O bonding.49 Furthermore, the B2O3 results in some
changes in the distribution of the Li+ environment (i.e.,
more narrow resonance or collapse of multiple peaks into
a single peak). This is because the distribution of phos-
phate Qn groups becomes narrower (i.e., phosphate groups
are depolymerized from Q3/Q2 to Q1–1/Q1 units) upon the
addition of B2O3, which decreases the types of anionic
network polyhedra. This may lead to a more uniform coor-
dination environment of lithium atoms. In addition, the
network polymerization of phosphate groups will increase
the chemical shift of the 6Li MAS NMR spectrum.54

3.5 Atomic packing

Figure 6 shows the density (ρ), molar volume (Vm), and
atomic packing density (Cg) of the lithium borophosphate
glasses with different B/P ratios. As seen in the figure,
density increases monotonically as a function of the con-
centration of B2O3 except for the LiPB-22 glass. This trend
is attributed to the result of the competition between B2O3
and P2O5. That is, B-for-P substitution decreases the glass’
molar mass (P2O5 is heavier than B2O3) but increases the
degree of packing in the LiPB-0 to LiPB-16.5 glasses, which
leads to an increase in the bulk density. However, espe-
cially for the LiPB-22 glass, we measure some amount
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LIU et al. 47

F IGURE 6 Composition dependence of density (ρ), molar
volume (Vm), and atomic packing density (Cg) for lithium
borophosphate glasses

of Al2O3 (Table 1), which could lead to the decrease in
the density, because the addition of Al2O3 will decrease
the molar mass of the glass (LiPB-16.5 glass is heavier
than Al2O3) and decrease the degree of packing in the
low-Al2O3 glass.18
Furthermore, we can find some changes in the molar

mass with the B2O3 concentration. Therefore, we calculate
the molar volume (Vm) to evaluate these changes in the
overall glassy network packing. Themolar volume features
a decrease with increasing B2O3 content, showing that the
glassy network structure becomes more compact upon the
B2O3 addition. Finally, due to differences in the size and
coordination environment of the atoms with composition,
we have also calculated the atomic packing density (Cg) to
clarify the difference in the network packing efficiency.We
find fromFigure 6 thatCg has the same trendwith the den-
sity, that is, Cg first increases and then decreases with the
B2O3 level.

3.6 Glass transition temperature and
elastic properties

Figure 7A shows the compositional evolution of the glass
transition temperature (Tg) in lithium borophosphate
glasses, revealing a remarkable increase in the B2O3
content. This is well-aligned with the formation of a more
rigid glassy network upon the addition of B2O3. That is,
therewill bemore atomic constraints per atom and volume
as a result of the higher extent of cross-linking through
the formation of P–O–B bonds. In previous studies, it has
been shown that a more rigid glassy network is positively
correlated with higher Tg.25 Furthermore, BO4 units are
topologically more constrained than any of the phosphate
Qn groups,55–57 suggesting the higher glass transition
temperature upon the addition of B2O3. As such, we find
an apparent positive correlation in Figure 7B between Tg

and the fraction of more constrained network polyhedra
(BO4 units).
Next, we consider the variation in Young’s modulus (E)

and Poisson’s ratio (ν) by using the ultrasonic echography
method. Figure 7A also shows the composition depen-
dence of Young’s modulus (E) and Poisson’s ratio (ν). Bond
strength, the number of bonds per volume, and network
rigidity influence the elastic moduli.58–60 The density and
atomic packing density of this series of glasses show an
overall upward trend with the B2O3 level, which leads to
the larger number of bonds per volume and thus con-
tributes to the increase in Young’s modulus. Furthermore,
Young’s modulus is also positively correlated with the con-
tent of more constrained network polyhedra (BO4 units),
which strongly supports the previous point (Figure 7B).
Finally, the increase in the B2O3 concentration also influ-
ences Poisson’s ratio, although the value of all glasses is
within a relatively narrow range (0.240–0.265). Poisson’s
ratio shows anegative correlationwith the content of B2O3,
that is, the opposite composition trend compared to E and
Tg. The rigid and highly cross-linked networks with high
Tg and E values will also result in low Poisson’s ratio.60
In addition, Figure 7B shows that Poisson’s ratio decreases
monotonically with the content of more constrained net-
work polyhedra (BO4 units). This negative correlation can
be ascribed to the changes in network rigidity because the
addition of B2O3 leads to an overall reduction in NBOs
and the formation of P–O–B bonds and BO4 units, which
in turn result in the rigid network. Moreover, Poisson’s
ratio in this series of glasses shows a negative correla-
tion with atomic packing density (see Figure S8), which
is abnormal behavior.60 That is, the previous work61 sug-
gests that there is an overall positive correlation between
atomic packing density and Poisson’s ratio. For example,
the increase of atomic packing density can result from
decreasing lengths of modifier oxygen bonds,62 which in
turn can lead to increasing Poisson’s ratio. In this series
of glasses, the atomic packing density increases with the
addition of B2O3, which should increase Poisson’s ratio.
However, replacing any type of phosphate group with a
BO4 tetrahedron will also increase the network rigidity,
which usually decreases Poisson’s ratio.60 It, therefore,
appears that the latter effect dominates, thus resulting in a
negative correlation between atomic packing density and
Poisson’s ratio (abnormal behavior).

3.7 Vickers hardness

Figure 8A shows the Vickers hardness of the studied glass
series. The B2O3 addition has a positive effect on the
Vickers hardness, and Vickers hardness also has the same
trend as the atomic packing density (Figure 8B). That is, a
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48 LIU et al.

F IGURE 7 (A) Composition dependence of Young’s modulus (E), Poisson’s ratio (ν), and glass transition temperature (Tg) of the lithium
borophosphate glasses. The error in Tg does not exceed 2◦C. (B) Dependence of Young’s modulus (E), Poisson’s ratio (ν), and glass transition
temperature (Tg) on the fraction of BO4 units

F IGURE 8 (A) Composition dependence of Vickers hardness (Hv) for lithium borophosphate glasses. (B) Dependence of Vickers
hardness (Hv) on atomic packing density (Cg)

high atomic packing density results in a higher number of
atomic bonds per volume. Furthermore, hardness is amea-
sure of the ability of glass to resist permanent deformation,
and the content of NBOs decreases, and the content of rigid
BO4 units increases upon B2O3 addition, which increases
the rigidity of the glassy network. In general, these results
support the view that bond density and network rigidity
are the key factors affecting the hardness of glasses.63

3.8 Indentation cracking

Due to the mismatch between the amount of plastic
deformation and the surrounding elastic deformation,64,65
crack initiation in the glass will occur under critical loads.
As expected based on the previous work27 and the values
of E/H and ν in this study, the dominant crack-types are

the radial and lateral ones in the studied glasses. Figure
S9 shows images of the generated corner cracks, which
supports this point. Furthermore, as the content of B2O3
increases, the lateral cracking could seem to become more
apparent, which might be due to the decrease in Poisson’s
ratio.27 Figure 9 shows the crack initiation resistance
(CR) (calculated from Figure S10) for the present lithium
borophosphate glasses. We observe that the B2O3 addi-
tion has a pronounced effect on CR, that is, CR shows
an overall negative trend with the B2O3 level. Previ-
ous works19,21,66,67 have shown that network flexibility,
network self-adaptability, and densification ability under
pressure or stress have an important influence on the crack
initiation ability of oxide glasses. That is, glasses with
good network flexibility, network self-adaptability, and
densification ability will better dissipate damage energy
during the sharp contact process, thereby improving the
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F IGURE 9 Composition dependence of the crack resistance
(CR) for lithium borophosphate glasses. The estimated error in CR
is 20% of its value.

crack initiation resistance. In this study, the network
rigidity of this glass series increases with the B2O3 level
due to the reduction in the fraction of NBOs and the
formation of new P–O–B bonds as well as more rigid BO4
units (relative to the exchanged phosphate groups), which
is expected to decrease the network flexibility of this series
of glass andmay decrease the crack resistance. In addition,
the atomic packing density of this series of glasses shows
an increasing trend with the addition of B2O3, leading to
a denser and more rigid network structure, which will
reduce their densification ability under stress. The glass
that is prone to densification under pressure can generally
reduce the residual stress around the indent, thereby
improving the crack resistance.19,68 In more details, the
densification ability strongly depends on the content of
trigonal boron units, as BIII units are prone to transition
to BIV units under pressure/stress.62,69 This is beneficial
for crack resistance. However, as shown in Figure S11, the
fraction of BIII species is negatively correlated with crack
resistance, indicating that the interaction of phosphate
groups with BIV units and the content of NBOs strongly
affect the crack initiation ability of the as-made glasses.
Finally, besides the general decrease in CR with the
amount of B2O3, there is a local maximum in CR. The
structural origin of this apparent maximum is unknown.

4 CONCLUSIONS

In this study, we have studied the network structure and
mechanical properties of 45Li2O–xB2O3–(55 − x)P2O5
glasses with varying B/P ratios. To this end, we have
performed Raman and NMR (6,7Li, 11B, 31P) spectro-
scopic analyses as well as density, ultrasonic echography,
and Vickers indentation measurements. We find from the

Raman spectroscopy data that the B2O3 addition disturbed
the phosphate network, with the NMR data showing a
reduction of NBOs and the formation of new P–O–B
bonds. Overall this feature, as well as the replacement of
BO4 units for phosphate groups, increases the average net-
work rigidity and also the density, Vickers hardness, glass
transition temperature, and Young’s modulus, whereas
a decrease in Poisson’s ratio is observed. In addition,
we find that the phosphate groups are partially depoly-
merized from Q3/Q2 units to Q1–1/Q1 units upon B2O3
addition. The total reduction of NBOs, from decreasing
concentration of phosphate Qn groups and increasing BO4
units, is expected to reduce the network flexibility of this
series of glass, and the increase of the Cg will decrease the
densification ability of the glasses under pressure/stress,
which in turn results in an overall decrease in crack
resistance. Finally, we find an increase in the fraction of
BIII units (the conversion of BIV to BIII) in the LiPB-22
glass, reducing the number of P–O–B bonds, which in
turn leads to a decrease in atomic packing density and
Vickers hardness. However, we also note that especially
this glass composition contains a small amount (2 mol%)
of alumina contamination from the crucible, complicating
the analyses. In any case, our work shows overall that the
network rigidity, NBOs, and boron coordination environ-
ment play important roles in controlling the mechanical
properties of the lithium borophosphate glasses.
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