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A B S T R A C T   

Calcium borate glass is a challenging system, due to the rich variety of borate units and alterable boron coor-
dination number, and hence they are also of particular interest for academic study. In this study, neutron 
diffraction, solid-state magic angle spinning nuclear magnetic resonance (MAS-NMR) and Raman spectroscopy 
were combined with first-principles calculations, experience potential structure refinement (EPSR) simulations to 
investigate the structure of xCaO⋅(1-x)11B2O3 glass. Property data such as density and glass transition temper-
ature were also measured to study the impact of structural changes on the properties of glasses. The structure of 
calcium borate glass was analyzed using various methods including structural unit, atomic pair bond length, 
coordination number, ring structure, chain structure and cavity distribution. Most notably, the atomic labeling 
method plays a key role in the structural analysis process. Through this method some new conclusions were 
obtained. For example, the increase of CaO content mainly leads to the conversion of BO to NBO in the glass 
structure, and has little effect on the content of BO3 and BØ4

- . This result further leads to an increase in Ca-NBO 
interactions. Interestingly, the bond length distribution of Ca-NBO and B-NBO is shorter than that of Ca-BO and 
B-BO, so the glass structure becomes denser. The structural reason why the density of calcium borate glass is less 
than the crystal density was also revealed. This study contributes to unveiling the structure of calcium borate 
glass and exploring the correlation between the structure and properties of calcium borate glass, which provides 
a valuable reference for developing more valuable amorphous materials.   

1. Introduction 

Amorphous materials are a special type of solid material that exhibits 
distinct solid characteristics. Their atomic structure is disordered, 
resembling that of a liquid and sometimes are referred to as “frozen 
liquids”. Borate glass possess characteristics such as excellent linear 
optical response, energy dependence, and high sensitivity for low-dose 
radiation measurements. These properties meet the basic requirements 
for thermoluminescent materials, making them commonly used in the 
field of inorganic materials for thermoluminescence dose measurements 
[1]. Calcium borate glass has excellent bioactivity [2–4], which con-
tributes to soft tissue repair [5,6], neuron survival rates [7], and bone 

healing [8]. Dose detectors doped with calcium borate glass are ex-
pected to play a positive role in the treatment of bone cancer [9]. Cal-
cium metaborate (CaB2O4) has the ability to enhance 
photoluminescence. The borate glass with embedded nano-sized 
CaMoO4 microcrystals can be used as raw materials for photo-
luminescence applications [10–12]. Therefore, it can be seen that cal-
cium borate glass has a wide range of application prospects. 

The microscopic structure of amorphous materials at the atomic/ 
molecule level determines their macroscopic properties. Krogh-Moe 
[13] suggested that the structure of borates glass consists of a random 
network structure as superstructural units. Bray [14,15] proposed that 
the superstructural units in the structure of borates glass are randomly 
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connected to each other, and named this structure as the 
Warren-Zachariasen network. Alkaline-earth metal and alkali metal ions 
have a modifying effect on the borate network structure, changing the 
coordination number of boron atoms from 3 to 4 [16–19]. The conclu-
sions of these studies provide references for us to analyze the 
11B-MAS-NMR spectra. Wright et al. [20] used neutron diffraction to 
study the structure of 0.29CaO⋅0.71B2O3 glass, and the atomic number 
density of this glass was found to be 0.09219 atom Å−3. They determined 
the average distance of Ca–Ca interaction in adjacent vacancies is rCa-Ca 
= 4.25 ± 0.09 Å. Ohtori et al. [21,22] conducted molecular dynamics 
simulations and neutron diffraction to study the structure of xCaO⋅ 
(1-x)11B2O3(x = 0.20, 0.25, 0.33) glass. They found that the variation in 
the full width at half maximum (FWHM) of the first peak in the radial 
distribution function g(r) is related to the B–O coordination number of 
BØ4

- unit. Kamitsos et al. [23] used infrared spectroscopy to estimate the 
content of B∅4

- in calcium borate glass structures. Their study revealed 
that as the content of CaO increases, the content of tetracoordinated 
boron (N4) initially increases and then decreases, with the maximum 
value of N4 occurring at x ≈ 0.45. Maniu et al. [24] conducted Raman 
spectroscopy to study the structure of xCaO⋅(1-x)B2O3(0.20 ≤ x ≤ 0.60) 
glass and found that as the CaO content increases, the boron-oxygen 
six-membered rings transformed into six-membered rings containing 
B∅4

- , metaborate chains and rings, orthoborate units, and pyroborate 
units. Kamitsos et al. [25] suggested that the calcium borate glass for-
mation range is within the range of xCaO⋅(1-x)B2O3(0.33 ≤ x ≤ 0.50). 
They pointed out that the amorphous structure does not contain 
orthoborate units but includes metaborate-chains within this range. The 
network structure of borates is easily depolymerized by alkali metal 
cations. This depolymerization results in the transformation of bridging 
oxygen atoms (BO) into non-bridging oxygen atoms (NBO), and the 
formation of negatively charged BØ4

- tetrahedra to balance the positive 
charge of Ca2+ ions [26–28]. Nuclear magnetic resonance shows that 
there are three main types of boron atoms in borate glass: 
tetra-coordinated boron sites, axially symmetric tri-coordinated boron 
sites, and non-axially symmetric tri-coordinated boron sites [29–32]. 
The conclusion of this study provides a reference for us to analyze the 
11B-MAS-NMR spectra. 

Many excellent results have been obtained for the structure of cal-
cium borate glass, which provides a reference for the study of this paper. 
The microstructure of calcium borate glass still needs to be further 
studied, and much important information should be further discussed. 
For example, the data on the variations in bond lengths and coordination 
numbers of calcium borates glass (B–O、O–O、B–B、Ca–O、Ca–B、 
Ca–Ca) are not sufficiently complete. The effects of changes in atomic 
types (3B, 4B, BO, and NBO), structural units, and cavity structures on 
the physicochemical properties of glass (such as density and glass 
transition temperature) need to be clarified. Therefore, in this study, 
xCaO⋅(1-x)11B2O3(x = 0.27, 0.32, 0.37, 0.40, 0.42, 0.45, 0.49) glass 
were prepared using a nitrogen-protected melt-quenching method. 
Characterization was conducted by ICP, XRD, DSC, and solid density 
testing methods. Structural investigations were carried out using Raman 
spectroscopy, 11B-MAS-NMR, and neutron diffraction experiments, 
supplemented by CASTEP and AIMD simulation methods. We also use 
atomic labeling methods to study the interactions associated with 3B, 4B, 
BO, and NBO. The void distribution and ring structure in calcium borate 
glass were also analyzed. The difference between the structure of cal-
cium borate glass and the crystal structure of similar components was 
also compared. This study further elucidates various structural details of 
calcium borates glass, providing valuable reference information for 
further research on borates glass. 

2. Experimental 

2.1. Sample preparation 

At 800 ◦C, 99.96 % pure isotopically enriched boric acid (purity: 

99.96 %, supplied by SIGMA-ALDRICH) was used to synthesize 11B2O3 
glass. Using 11B2O3 glass and 99.0 % pure analytical-grade calcium 
carbonate (supplied by ChengDu Chron Chemicals Co,.Ltd) as raw ma-
terials, the melting container was a platinum crucible. The homoge-
neous and colorless transparent calcium borate glass systems with 
compositions of xCaO⋅(1-x)11B2O3 (x = 0.27, 0.32, 0.37, 0.40, 0.42, 
0.45, 0.49) were prepared using a nitrogen-protected melt-quenching 
method. The samples were heated in a muffle furnace at 1400 ◦C for 
20–30 min. 

2.2. Samples characterization 

The inductively coupled plasma atomic emission apectrometer (ICP- 
AES) was used to analyze the composition of the samples. The instru-
ment model used was ICAP 6500 DUO. The experimental ratios and the 
results of quantitative elemental analysis are shown in Table 1. Density 
(iso) is the experimental density, and the relevant experimental condi-
tions are shown in S1.3 of SI. The Density (iso) can be converted into 
density (nat) through formula calculation, so as to facilitate comparison 
with the density of literature. Atomic density and molar volume can also 
be calculated by formulas, all of which are shown in S1.3 of SI. 

For specific details regarding the Raman spectroscopy, X-ray 
diffraction (XRD), density, and glass transition temperature experi-
ments, please refer to the experimental section of the supplementary 
information. For density and Raman spectroscopy experiments, the 
samples were used in bulk, for neutron experiments, the samples were 
used in fine particles with a diameter of about 1 mm, and for 11B-MAS 
NMR and glass transition temperature experiments, the samples were 
ground into a fine powder. 

2.3. Neutron diffraction and 11B-MAS-NMR 

ND: Neutron powder diffraction (NPD) experiments and neutron pair 
distribution function (nPDF) experiments were conducted on the Multi- 
Physics Instrument (MPI) [33] of the China Spallation Neutron Source 
(CSNS) in Dongguan, China. The powdered samples were sealed in cy-
lindrical ZrTi alloy containers with a diameter of 8.9 mm inside a glove 
box filled with helium gas. The sealed containers were then placed in a 
vacuum diffraction chamber equipped with an automated sample 
changing environment. Measurements were performed using both the 
container filled with the 8.9 mm (diameter) × 30 mm (height) vanadium 
rod and an empty container as calibration references. The neutron 
wavelength range was 0.1 Å to 4.5 Å, with an optimal Q-resolution of 
0.3 %. The total diffraction data was processed using the Mantid pro-
gram [34] to perform sample non-diffraction correction. The data were 
then normalized using vanadium and converted to the S(Q) function. 
The merged simplified structure function within the Q range of 1.05 Å to 
31.4 Å was Fourier transformed to obtain the nPDF data. 

The formula for calculating the pair distribution function g(r) is as 
follows: 

g(r)= ρ(r)
ρ0

= 1+ 1
2π2ρ0r

∫ ∞

0
Q[S(Q)−1]sin (Qr)dQ (1) 

This algorithm is implemented through the following equation: 

g(r)−1= 1
2π2ρ0r3

∑Qmax

Qmin
M(Q,Qmax)[S(Q)−1][sin(Qr) − Qrcos(Qr)]rightbin

leftbin

(2) 

Among them, M (Q, Qmax) is an optional filtering function. If the 
Filter property is set to true, then: 

M(Q,Qmax)=
sin (πQ/Qmax)

πQ/Qmax
(3) 

Otherwise: 

M(Q,Qmax)= 1 (4) 
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The formula for calculating the total pair distribution function is as 
follows: 

G(r)= 4πρ0r[g(r)−1] (5) 
11B-MAS-NMR: The 11B-MAS solid-state nuclear magnetic resonance 

experiments on calcium borate glass were conducted using a Bruker 600 
MHz (14.1 T) solid-state NMR instrument (Model: Bruker AVANCE NEO 
600 MHz). The powder glass sample was loaded into a 4 mm ZrO2 rotor 
inside a glove box filled with argon gas, and sealed with a Kel-F cap. The 
nuclear magnetic resonance spectrum was acquired at a magnetic field 
strength of 192.568 MHz using an HX dual-channel probe. The mea-
surements were conducted at a temperature of 300 K, with a rotor 
spinning frequency of 20 Hz and a magic angle spinning frequency of 
11.5 KHz. The obtained spectrum had a resolution of 2.3475 Hz. 

2.4. 11B-MAS- NMR spectrum analysis method 

The 11B MAS NMR spectra were analyzed using the dmfit program 
[35]. Tri-coordinated boron sites (3B) with large CQ values (typically 
around 2.6 MHz) result in significant second-order quadrupolar broad-
ening, leading to a reduction in the resolution of the 11B MAS spectrum 
[31]. Therefore, during the analysis, fitting is performed by using Q mas 
1/2 and adjusting the quadrupolar coupling constant (CQ) and asym-
metry parameter (η). The peaks corresponding to tetra-coordinated 
boron sites (4B) exhibit sharp profiles. The analysis is performed using 
a Gaus/Lor function, and the parameter xG/(1-x) L (Gaussian/Lor-
entzian ratio, where G represents Gaussian and L represents Lorentzian) 
is adjusted accordingly. 

The Raman spectroscopy analysis methods can be found in the 
Raman spectroscopy analysis section of the Supplementary Information. 

2.5. Ab initio molecular dynamics simulation 

Ab initio molecular dynamics simulation (AIMD) were performed on 
the Ca-borate glass structure using the Born-Oppenheimer molecular 
dynamics method and the CP2K package [36]. The generalized gradient 
approximation (GGA) and the Perdew-Burke-Ernzerhof (PBE) functional 
were applied in the simulations [37]. The initial atomic configuration of 
the glassy calcium borate was generated using the packmol software 
[38]. The cubic simulation boxes at room temperature contained 
approximately 400 atoms (depending on the composition of each sam-
ple) to match the experimental density. The size and number of atoms in 
each simulation box are shown in Table S4. Density functional theory 
(DFT) was employed for further optimization, utilizing the 
consistent-polarized double-ζ valence basis set DZVP [39,40] for each 
involved atom, as well as Goedecker−Teter−Hutter (GTH) pseudopo-
tentials [41]. After DFT optimization, the AIMD simulations were car-
ried out in a typical NVT ensemble using a Nosé-Hoover thermostat [42, 
43] with a length of 3, and a time step of 1 fs/step. First, it balances 20 ps 
at 298.15 K, and then heats up to balance 10ps at 698.15K and 
1198.15K, respectively. 1198.15K is already higher than the glass 

transition temperature (~925K), but the structure still has defects. To 
obtain more reasonable simulation results, the maximum temperature 
was raised to 1398.15K and equilibrated for 20 ps. It was then cooled to 
298.15 K through the same temperature gradient and similar simulation 
time. Finally the simulation was equilibrated for 20 ps, then the data 
were collected. Connectivity and ring statistics were analyzed using R.I. 
N.G.S [44]. The pore distribution was analyzed using the pyMolDyn 
program [45]. 

The detailed calculation of the Raman spectra of the crystals is in the 
CASTEP calculation section of SI. 

2.6. Refinement of empirical potential structure 

The empirical potential structure refinement (EPSR) method is used 
to analyze the neutron diffraction experimental data of calcium borate 
glass. EPSR [46] is a method that can generate physically reasonable 
atomic models of condensed amorphous systems that are consistent with 
total diffraction data. The model adopts a reference potential consisting 
of standard Lennard-Jones plus coulomb terms. When constructing the 
model, about 4000 atoms (Ca, B, O atoms) are placed in a cubic box with 
periodic boundary conditions. Table 2 lists the Lennard Jones potential 
parameters, and the atomic charges, box composition, and size are listed 
in Table S3. Before the EPSR, after equilibrating at 10,000K, the initial 
structure model is obtained by continuous NVT Monte Carlo equilibra-
tion under the reference potential through a continuous cooling process 
of 1400K, 1200K, 1000K, 700K, 300K. The structural parameters and 
their distribution structure are the average of a series of configurations, 
because they fluctuate around the final equilibrium energy. At the final 
equilibrium energy, the model and the experimental diffraction 
cross-section are in good agreement. 

3. Results and discussion 

3.1. Raman spectra 

The Raman spectra of calcium borate glass xCaO⋅(1-x) 11B2O3(0.26≤
x ≤ 0.49) are shown in Fig. 1. For x = 0.26, the main peak at 778 cm−1 is 
due to the breathing mode of a six-membered ring containing one BØ4

- 

tetrahedral unit [25,47]. As the content of CaO increases, this peak was 
red-shifted to 765 cm−1, and the corresponding structural unit transi-
tions to a six-membered ring containing two BØ4

- tetrahedra. As the 
content of CaO increases, the peak at 661 cm−1 was blue shifted to ~677 
cm−1 which represents the metaborate chains [25]. The peak at 

Table 1 
The composition, R––CaO(mol)/11B2O3(mol), mass density, atomic density, molar volume and glass transition temperature of calcium borate glass.  

Preparation ratio ICP results x R Density (iso.) Density (nat.) Atom density Vm Tg 

CaO (mol) 11B2O3 (mol) CaO (mol) 11B2O3 (mol) (g⋅cm−3) (g⋅cm−3) (Å−3) (mol⋅cm−3) (◦C) 

0.26 0.74 0.26 (0.01) 0.74 (0.01) 0.27 0.36 2.48 (0.0114) 2.47 (0.0140) 0.095 (0.0004) 26.71 (0.12) 652.80 (3.26) 
0.33 0.67 0.32 (0.01) 0.68 (0.01) 0.32 0.47 2.51 (0.0153) 2.50 (0.0082) 0.093 (0.0004) 26.11 (0.12) 651.17 (3.26) 
0.39 0.61 0.37 (0.02) 0.63 (0.02) 0.37 0.59 2.58 (0.0187) 2.57 (0.0232) 0.093 (0.0007) 25.1 (0.10) 649.87 (3.25) 
0.42 0.58 0.40 (0.02) 0.60 (0.02) 0.4 0.66 2.64 (0.0094) 2.63 (0.0019) 0.094 (0.0001) 24.44 (0.03) 643.93 (3.22) 
0.45 0.55 0.42 (0.03) 0.58 (0.03) 0.42 0.72 2.67 (0.0120) 2.66 (0.0084) 0.094 (0.0001) 24.05 (0.03) 638.99 (3.19) 
0.50 0.50 0.45 (0.05) 0.55 (0.05) 0.45 0.82 2.73 (0.0160) 2.72 (0.0063) 0.094 (0.0040) 23.35 (0.11) 625.41 (3.13) 
0.53 0.47 0.49 (0.04) 0.51 (0.04) 0.49 0.97 2.76 (0.0131) 2.75 (0.0156) 0.093 (0.0030) 22.88 (0.07) 616.65 (3.08) 

* Density (iso.) is the density of the isotope boron glass, Density (nat.) represents the density of natural boron glass. 
* The data in brackets represents the error value. 

Table 2 
Lennard Jones potential parameters.  

Atom Type Lennard Jones Parameters 

Epsilon(kJ/mol) Sigma(Å) AW (amu) 
11B 0.1750 0.5000 11.0000 
O 0.1625 3.6000 16.0000 
Ca 0.4185 2.9850 40.0000  

L. Song et al.                                                                                                                                                                                                                                     



Ceramics International 50 (2024) 6634–6647

6637

1300-1600 cm−1 is the stretching vibration of the terminal B–O- bond in 
the structural unit, its content was used to represent the content of ionic 
structural units in the entire system [48,49]. 

As the content of CaO increases, a shoulder peak gradually appears 
on the right side of ~770 cm−1. When x = 0.42, the intensity of this peak 
gradually increases, and the peak position was blue-shifted from 837 
cm−1 (x = 0.37) to 873 cm−1 (x = 0.49), the peak is attributed to the 
vibration of the B–O–B bridge in the pyroborate unit [47]. The peak at 
940 cm−1 also gradually strengthens with the increase in CaO content. 
Maniu et al. [24] reports that this peak belongs to the orthoborate unit, 
while Kamitsos et al. [25,50] suggests that this peak belongs to other 
structural units containing BØ4

- tetrahedra. In this study, the cell struc-
ture of similar component crystals and corresponding Raman spectrum 
were calculated using CASTEP (see section 2.3.3), as shown in Fig. S2 (a) 
~(d). The peak at ~940 cm−1 is related to the stretching vibration of the 
central boron atom in BØ4

- tetrahedra, and the peak at ~947 cm−1 in the 
Raman spectrum of CaB4O7 crystal (Fig. S2 (b)) is attributed to the 
diborate group containing two BØ4

- tetrahedra. Therefore, the peak at 
~940 cm−1 is attributed to the diborate group. It is worth mentioning 
that, based on the results of our CASTEP study (Fig. S2 (b)), we attribute 

the 1120 cm−1 vibration peak, which was not clearly assigned by pre-
vious researchers, to the symmetric stretching vibration of the B–O–B 
bridge in the diborate group. This result further indicates that diborate 
groups definitely exist in calcium borate glass. The details of the Raman 
spectrum are shown in Table S2. 

The peaks in the Raman spectrum were fitted using Gaussian and 
Lorentzian functions, as shown in Fig. 2 (left) and Fig. S3. When x =
0.26, there is no obvious characteristic peak of boroxol ring in the 
Raman spectrum. However, there is a less visible shoulder to the right of 
the main peak 778 cm−1. This shoulder peak corresponds to the boroxol 
ring which is disappeared when x ≥ 0.32. Maniu et al. [24] suggested 
that when x = 0.20, there was an obvious boroxol ring peak, and when x 
= 0.30, the peak was located on the shoulder of the main peak, and when 
x = 0.40, the peak disappeared, which was similar to the results of this 
study. The boroxol ring in lithium borate glass exists at x = 0.20, and has 
disappeared when x ≥ 0.26 [51], which also indicates that the modifi-
cation ability of Ca2+ on B2O3 glass is stronger than that of Li+. 

Fig. 2 (right) shows the relative content change curve of each 
structural unit. As shown in the figure, x = 0.32 and 0.42 are two 
important inflection points where the structural units undergo signifi-
cant changes. When 0.26 ≤ x ≤ 0.32, the ring structure units (the six- 
membered ring including one BØ4

- tetrahedra) are transformed into, 
the long-chain structure units (metaborate-chains) and short-chains 
structure units (pyroborate units). The decreasing trend of ring struc-
ture units is similar to the result reported by Maniu et al. [24]. When 
0.32 < x ≤ 0.42, the content of each structural unit changes little but still 
maintains the trend of the reduction of ring structure unit and increase 
of chain structure units. When 0.42 < x ≤ 0.49, the long-chain and 
six-membered ring structural units are converted to the short-chain 
structural units with more NBO and diborate groups, and the content 
of various structural units varied greatly. 

3.2. 11B MAS-NMR 

Fig. 3 shows the 11B MAS NMR spectrum of calcium borate glass. The 
spectrum was analyzed using the dmfit program [35], resulting in three 
different boron sites: (1) tetra-coordinated boron site with a quadrupolar 
coupling constant (CQ) less than 1 MHz and a chemical shift close to 0 
ppm; (2) Axially symmetric tri-coordinated boron site (CQ ≈ 2.4–2.7 
MHz) with an asymmetry parameter (η) less than 0.5; (3) Non-axially 

Fig. 1. Raman spectra of xCaO⋅(1-x)11B2O3 glasses, for 0.26≤ x ≤ 0.49.  

Fig. 2. Left, experimental and fitted spectra of 0.26CaO⋅0.7411B2O3 glass: the gray lines are the experimental Raman spectra, the purple lines are the total spectra of 
the fitted spectral components, colored skeleton maps are the fitted spectral components; R is the coefficient of determination. Right, the relationship between the 
relative content of each structural unit in the calcium borate glass and the content of CaO value. (For interpretation of the references to color in this figure legend, the 
reader is referred to the Web version of this article.) 

L. Song et al.                                                                                                                                                                                                                                     



Ceramics International 50 (2024) 6634–6647

6638

symmetric tri-coordinated boron site (CQ ≈ 2.5–3.0 MHz, with η greater 
than 0.5). This distribution is similar to the distribution of boron sites in 
sodium borate, barium borate and lead borate glass [30,52,53]. The low 
η site corresponds to tri-coordinated boron with three BO or three NBO, 
while the high η site corresponds to tri-coordinated boron containing 
one or two NBO, as shown in Fig. 4 and Fig. S4. 

Percentage change of three and four coordinated boron, symmetric 
and asymmetric three coordinated boron are shown in Fig. 5. From the 
graph, it can be observed that the content of symmetrically tri- 
coordinated boron decreases linearly with the increase of CaO. Raman 
spectroscopy also shows that there are no orthoborate units. Therefore, 
in the symmetric 3B site, there are no 3B site that contain three NBOs. 
The decrease in N3S suggests a reduction in structures containing three 
BO. On the other hand, the content of non-symmetrically tri-coordinated 
boron linearly increases, indicating a gradual increase of structures 
containing one or two NBO units. The change of the structural units 
involved NBOs are pyroborate units and metaborate-chains as shown in 
Fig. 2 right. The N4 has little change, the structural units containing BØ4

- 

tetrahedra are mainly composed of diborate groups and six-membered 
ring which contains one or two BØ4

- tetrahedra. Therefore, the 

increase of N4 can’t balance the positive charge from Ca2+, leading to an 
increase content of NBO. Additionally, a maximum point of N4 appears 
around x = 0.40, and Fig. 2 (right) also shows that the content of six- 
membered ring containing one BØ4

- tetrahedron and other structural 
units containing BØ4

- tetrahedra is relatively high around x = 0.40. This 
maximum point is consistent with research conclusion obtained by 
Feller et al. [54]. At the same time, this extreme point is approximate to 
the N4 maximum point (x = 0.38) given by Wu et al. [55,56]. In crystals 
such as CaB6O10, CaB4O7, Ca2B6O11, and CaB2O4, the crystal with the 
highest N4 is Ca2B6O11 (with a molar content of CaO of 0.40) as shown in 
Fig. S10. Therefore, x ≈ 0.40 is a turning point where the structure 
undergoes significant changes. 

3.3. Analysis of neutron diffraction experimental results 

Fig. 6 (left) shows the total-scattering structure factor F(Q) of xCaO⋅ 
(1-x)11B2O3 (0.26 ≤ x ≤ 0.49) glasses. it also provides the F(Q) of 11B2O3 
obtained from China Spallation Neutron Source (CSNS) and the ISIS 
Neutron and Muon Source (11B2O3-CSNS and 11B2O3–ISIS, respectively). 
the peak shapes and positions of 11B2O3-CSNS and 11B2O3–ISIS are very 
similar, indicating that high-quality experimental data have been 

Fig. 3. 11B MAS NMR spectrum of xCaO⋅(1-x) 11B2O3 glasses, for 0.26≤ x 
≤ 0.49. 

Fig. 4. 11B MAS NMR models of xCaO⋅(1-x) 11B2O3 glasses. Changes in the color axis are used to indicate the size of η. (For interpretation of the references to color in 
this figure legend, the reader is referred to the Web version of this article.) 

Fig. 5. Percentage change of tri- and tetra-coordinated boron, symmetric and 
asymmetric tricoordinate boron content changes. 
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Fig. 6. Left: the total-scattering structure factor F(Q) of calcium borate glass, 11B2O3-CSNS and 11B2O3–ISIS represent scattering data from China Spallation Neutron 
Source (CSNS)and ISIS Neutron and Muon Source (ISIS), respectively. Right: the total radial distribution function G(r) of calcium borate glass. Error bars (Short and 
light colored lines) have been added to all data. 

Fig. 7. Partial pair distribution function of xCaO⋅(1-x)11B2O3 (0.26≤ x ≤ 0.49) glass obtained by EPSR and AIMD methods.  
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obtained at CSNS. the first sharp diffraction peak (FSDP) of F(Q) and the 
glass transition temperature (Tg) are closely related to the medium-range 
order of the glass structure [57]. Specifically, as the CaO content in-
creases, the intensity of the FSDP gradually weakens, and Tg decreases 
(as shown in Table 1), indicating an increase in the medium-range order 
of calcium borate glass. 

The total radial distribution function G(r) is shown in Fig. 6 (right). 
Three peaks observed in the graph, located at approximately 1.41, 2.41 
and 3.65 Å. The peak at 1.41 Å corresponds to the B–O interaction. The 
peak at around 2.41 Å corresponds to the O–O interaction within BO3 
and BØ4

- units, the B–B interactions in adjacent structural units, as well 
as the B–O interaction in the second nearest neighbor. The peak at 3.65 
Å represents interactions such as Ca–O, Ca–B, and the B–O and O–O 
interactions in the second nearest neighbor. 

3.4. Analysis of neutron diffraction experiment data 

3.4.1. Pair distribution function (PDF) and coordination number (CN) 
The experimental and EPSR simulated spectra of F(Q) and G(r) are 

shown in Fig. S5. From the graph, it can be observed that the EPSR 
simulated F(Q) and G(r) data exhibit good overlap with the neutron 
experimental data, indicating the reliability of the EPSR simulation re-
sults. The AIMD method was also used to verify the EPSR simulation as 
shown in Fig. 7. There is a slight difference in the PDF data obtained by 
using these two methods. EPSR is based on Monte Carlo simulations, 
while AIMD is based on first-principles calculations. The underlying 
theories and methodologies of these two approaches are leading to 
variations in the obtained results. The size of the simulation boxes can 
also influence the simulation results. In EPSR simulations, the number of 
atoms in the simulation box is around 4000, which is approximately 10 
times larger than the number of atoms in the AIMD simulation box. 
Based on the observation that the peak positions in the PDF spectra 
obtained from AIMD and EPSR simulations are roughly similar, espe-
cially the first coordination shells exhibit good overlap. Therefore, AIMD 
simulation results were mainly used to analyze the results. We used 
different AIMD methods and different calculation temperatures to 
determine more suitable calculation conditions, as shown in the AIMD 
section of SI for details. The calculation results showed that the calcu-
lation method and temperature given in the manuscript are suitable. 

The makex, xtal and Open Genie programs [58–60] were used to 
calculate the PDF of calcium borate crystals such as CaB6O10, CaB4O7, 
Ca2B6O11, and CaB2O4 as shown in Fig. 8 and S9. Both NBO and BO 
interactions exist in the CaB2O4 crystal, while only BO interactions are 
present in CaB6O10, CaB4O7, and Ca2B6O11 crystals. Fig. 9 displays the 
coordination number distribution of the first coordination shells of B–O, 

Ca–O, and O–O interactions in calcium borate glass and crystals. 

3.4.1.1. B–O interaction. As shown in Fig. 7, the first coordination shell 
distance of B–O interaction rB-O is 1.39 Å. Ohtori et al. [61] suggested the 
rB-O ranges from 1.37 to 1.38 Å. These values are in close agreement with 
present results. The second coordination shell of the B–O interaction is 
observed between 2.58 and 3.90 Å. This second coordination shell in-
cludes various interactions such as B–O interactions within 
six-membered rings, B–O interactions between the six-membered ring 
and neighboring BO3 or BØ4

- units, and B–O interactions between BO3 
and BO3 or BØ4

- units. Ohtori et al. [61] reported that the distances for 
the second coordination shell of B–O interaction were 3.71, 3.72, and 
3.70 Å, which is in close agreement with present study. With an increase 
in CaO content, the first coordination shell bond length of B–O showed 
minor changes (as shown in Table S5), while the peak half-width 
significantly increased and the asymmetry of the peaks enhanced. 
Ohtori et al. [21] suggested that the asymmetry of the B–O interaction 
peak is related to the content of BO3 and BØ4

- . The coordination number 
of B–O involving BO3 and BØ4

- does not change significantly as shown in 
Fig. 5. However, there are noticeable changes in the content of sym-
metric tri-coordinated boron (containing BO) and asymmetric boron 
(containing one or two NBO). Therefore, the variation of BO and NBO in 
the amorphous structure also affects the symmetry of B–O interaction 
peak. 

In order to elucidate the reasons for the asymmetry of the B–O 
interaction peaks mentioned above, we further investigated the effects 
of 3B, 4B, BO, and NBO on the B–O interaction with the increase of CaO 
content. The four groups of atoms in the equilibrium structures were 
labeled as 3B-BO, 3B-NBO, 4B-BO, and 4B-NBO. The same labeling 
method was used to the CaB3O4 crystal containing both BO and NBO as 
shown in Fig. 10. The bond length and relative content of each inter-
action are shown in Table S8. The graph reveals significant differences 
between the structure of the glass and the crystal with similar compo-
sitions. These differences include: 

(1) In the 0.49CaO⋅0.5111B2O3 glass, the percentage of 4B-NBO in-
teractions is approximately 2.6 %, these are absent in the CaB3O4 
crystal.  

(2) The dominant B–O interaction in the 0.49CaO⋅0.5111B2O3 glass is 
3B-BO, approximately 39.4 %, whereas in the CaB3O4 crystal, the 
dominant interaction is 4B-BO interactions, approximately 55.0 
%.  

(3) The bond lengths of 3B-BO in the 0.49CaO⋅0.5111B2O3 glass and 
CaB3O4 crystal are approximately 1.41 Å and 1.45 Å, 
respectively. 

Fig. 8. Partial pair distribution function of xCaO⋅(1-x)11B2O3 (0.26≤ x ≤ 0.49) glasses and CaB2O4 crystal.  
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Furthermore, there are also similarities in the structures of the 
mentioned glasses and crystals. The 3B-NBO bond length in glass and 
similar composition crystals is almost the same, about 1.37 Å, and the 
4B-BO bond length is also very close, about 1.49 Å. Wright et al. [20] 
obtained B–O interaction distances of approximately 1.37 Å and 1.46 Å 
for BØ3 and BØ4

- structures, respectively, in the 0.28CaO⋅0.72B2O3 glass 
by neutron diffraction method. In this work, r3B-NBO ≈ 1.37 Å and r4B-NBO 
≈ 1.48 Å in 0.26CaO⋅0.7411B2O3 glass, r3B-NBO ≈ 1.37 Å and r4B-NBO ≈
1.47 Å in 0.32CaO⋅0.6811B2O3 glass, which are similar to the results 
from Wright et al. 

The relative abundances of 3B-BO, 3B-NBO, 4B-BO, and 4B-NBO in-
teractions in the amorphous phase, as well as their variation with 

Fig. 9. Coordination number of the first coordination layer of xCaO⋅(1-x)11B2O3 (0.26≤ x ≤ 0.49) glass and CaB6O10, CaB4O7, Ca2B6O11, CaB2O4 crystals.  

Fig. 10. The distribution of 3B-BO, 3B-NBO, 4B-BO and 4B-NBO interactions in 
the first coordination layer of the B–O interaction in 0.49CaO⋅0.5111B2O3 glass 
and CaB2O4 crystal, the fan chart on the right shows the percentage of each 
atom-pair interaction. 

Fig. 11. The relative contents of 3B-BO, 3B-NBO, 4B-BO and 4B-NBO interaction 
in xCaO⋅(1-x)11B2O3 (0.26≤ x ≤ 0.49) glass. 
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composition, are shown in Fig. 11. The most abundant interaction is 3B- 
BO, followed by 4B-BO and 3B-NBO interactions. The variation of CaO 
content has a minimal impact on the abundance of 4B-NBO interactions. 
At 0.26 ≤ x ≤ 0.40, with an increase in CaO content, the abundance of 
3B-BO interactions decreases, while the abundances of 3B-NBO and 4B- 
BO interactions increase. At 0.40 ≤ x ≤ 0.49, the content of 3B-BO in-
teractions initially increases and then decreases, the content of 4B-BO 
interactions first decreases and then increases, and the content of 3B- 
NBO interactions increases. Therefore, x = 0.40 represents a turning 
point for the variations in the four types of interactions. The turning 
point coincides with the peak of N4, and it is also very close to the 
intersection where the content of symmetric tri-coordinated boron with 
three BO interactions and asymmetric tri-coordinated boron with one or 
two NBO interactions changes (as shown in Fig. 5). The structural units’ 
changes (Fig. 2 right) indicate that the six-membered ring containing 
BØ4

- and metaborate-chains transform into pyroborate units and dibo-
rate groups when x > 0.40. The bond length for 3B-BO, 3B-NBO, 4B-BO, 
and 4B-NBO interactions are shown in Table S8. Each type of B–O 
interaction exhibits a turning point in bond length at x = 0.40, indi-
cating a significant structural change, which is consistent with the re-
sults in Fig. 2 (right graph). The contents of BO and NBO in each 
component are shown in Fig. S11. As the CaO content increases, the 
content of BO gradually decreases, while the content of NBO increases. 
The content of BO remains higher than that of NBO. The results of 11B- 
MAS-NMR (Fig. 5) also indicate a decrease in the content of symmetric 
tri-coordinated boron with three BO interactions and an increase in the 
content of asymmetric boron sites with one or two NBO interactions as 
the CaO content increases. This phenomenon is consistent with the re-
sults in Fig. S11. The above research indicates that with an increase in 
CaO content, the NBO content increases, and the network structure of 
calcium borate glass is dispersed, forming numerous "molecular-type" 
rings and chain structures containing NBO. When x = 0.40, the structure 
of calcium borate glass is the most dispersed, the short chain structure 
containing NBO is the most abundant. 

The relationship between the CaO content and the coordination 
number of B–O interactions is shown in Fig. 9. From the graph, it can be 
observed that the coordination number of B–O interactions in glass falls 
within the range of 3.4-3.2, which is less than 3.5 (a coordination 
number of 3.5 means that tri- or tetra-coordinated boron are equal). This 
indicates that the content of 3B is consistently greater than that of 4B, 
which is consistent with the results obtained from 11B-MAS-NMR in 
Fig. 5. Ohtori et al. [61] studied samples of xCaO⋅(1-x)11B2O3 (x = 0.20, 
0.25, 0.33) glass and determined the coordination numbers of the first 
coordination shell of B–O interactions as follows: CNB–O(ND) ≈ 3.11, 
3.18, 3.21 and CNB–O(MD) ≈ 3.17, 3.23, 3.28 . Wright et al. [20] reported 
that the coordination number of B–O interaction in 0.28CaO⋅0.72B2O3 
glass is 3.24. Their research findings closely align with our results. 
Therefore, the relative content has the order as 3B-BO >4B-BO >3B-NBO 
>4B-NBO, which is consistent with the results in Fig. 11. The change in 
the coordination number of the B–O interaction in Fig. 9 shows that the 
coordination number of the boron atom changes very little, which is 
consistent with the results obtained from 11B-MAS-NMR shown in Fig. 5. 

3.4.1.2. Ca–O interaction. As shown in Fig. 7, the Ca–O bond length rCa- 

O in the first coordination layer of calcium borate glass ranges from 2.37 
to 2.40 Å. The rCa-O bond lengths of CaB6O10, CaB4O7, Ca2B6O11, and 
CaB2O4 crystals are 2.37, 2.36, 2.44, and 2.38 Å, respectively, indicating 
that the Ca–O bond length of glass is close to that of crystal. The first 
peak of the Ca–O interaction of calcium borate glass is also asymmetric, 
primarily due to the interaction between calcium atoms and different 
types of oxygen atoms. By using atomic labeling, two types of oxygen 
atoms, BO and NBO, were labeled, and the Ca-BO and Ca-NBO in-
teractions were shown in Fig. 12. The bond length and relative content 
of each interaction are shown in Table S8. From the graph, it can be 
observed that: (1) In the glass and crystals, the Ca-BO interaction 

exhibits a broad and blunt peak, while the Ca-NBO interaction has a 
relatively sharp peak with a shoulder on its right side. (2) In the glass, 
the Ca-BO bonds are noticeably longer compared to the Ca-BO bonds in 
the crystals of similar compositions. Similarly, the Ca-NBO bonds in the 
glass are shorter than the Ca-NBO bonds in the crystals of similar com-
positions. The relative content of Ca-NBO interaction in 
0.49CaO⋅0.5111B2O3 glass and CaB2O4 crystal is 60.3 % and 47.8 % 
respectively, with bond lengths of 2.38 and 2.40 Å. In addition, the Ca- 
BO interaction in the glass has longer bond lengths compared to the 
crystals of similar compositions, and it also constitutes a smaller pro-
portion. Above information indicates that the binding between Ca2+ and 
NBO in the glass is tighter. The glass contains both rings and chains 
structures, such as pyroborate and metaborate units with NBOs. Unlike 
the ring structure, the chain can be stretched and twisted to a certain 
extent, resulting in shorter Ca-NBO bond lengths in the glass. 

Fig. 13 shows the relative contents of Ca-BO and Ca-NBO interaction 
in xCaO⋅(1-x)11B2O3 (0.26≤ x ≤ 0.49) glass. When 0.26 ≤ x ≤ 0.40, as 
the CaO content increases, the Ca-BO interaction gradually decreases, 
while the Ca-NBO interaction gradually increases. The above change is 
consistent with the changes in the content of BO and NBO shown in 
Fig. S11. When 0.40 < x ≤ 0.49, the variation in the content of these two 
interactions is more complex. The main reason is that the six-membered 
rings and the metaborate-chains containing BØ4

- were transformed into 
pyroborate units and diborate groups (Fig. 2, right). In addition, when x 
= 0.42, the content of the two atoms interactions also change signifi-
cantly, which is consistent with the turning point of the structural unit in 
the Raman spectrum (Fig. 2 right) and the B–O interaction (Fig. S11). 
This change is mainly caused by the change of pyroborate unit, diborate 
group, metaborate unit, etc. The schematic diagram in Fig. 13 represents 
a snapshot of the coordination of Ca2+ ions with an oxygen coordination 
number of 7 in 0.26CaO⋅0.7411B2O3 and 0.49CaO⋅0.5111B2O3 glass. In 
0.26CaO⋅0.7411B2O3 glass, Ca2+ ions are mainly coordinated with BO 
units. However, in the 0.49CaO⋅0.5111B2O3 system, Ca2+ ions primarily 
coordinate with NBO in both BO3 and BØ4

- units. Kamitsos et al. ’s [25] 

Fig. 12. The distribution of Ca-BO and Ca-NBO interactions in the first coor-
dination layer of the Ca–O interaction in 0.49CaO⋅0.5111B2O3 glass and CaB2O4 
crystal, the fan chart on the right shows the percentage of each atom-pair 
interaction. 

L. Song et al.                                                                                                                                                                                                                                     



Ceramics International 50 (2024) 6634–6647

6643

study shows that there are L and H bands associated with Ca2+ vibration 
in the far-infrared spectral region of calcium borate glass, with L band 
corresponding to smaller electron density and H band corresponding to 
higher electron density. Consequently, the L band in the relatively low 
frequency region corresponds to the Ca-BO interaction, and the H band 
in the higher frequency region corresponds to the Ca-NBO interaction. 
This conclusion is very important for the analysis of far infrared spectra 
of borate glass. 

Therefore, as the CaO content increases, the interaction between 
Ca2+ ions and NBOs increased, and the network structure of the glass 
was gradually destroyed. This leads to a reduction in the molar volume, 
an increase in solid-state density, and a decrease in the glass transition 
temperature of the glasses. 

3.4.1.3. O–O interaction. The O–O distance rO-O is 2.42 Å. Ohtori et al. 
[61] suggested that the distance is 2.38 Å, which is close to the results of 
our study. As shown in Fig. 7 and S9, with an increase in the CaO con-
tent, the O–O interaction distance in the second coordination layer shifts 
to the right, indicating that the addition of CaO causes the O–O in-
teractions to move towards medium-range order. It can be observed that 
the O–O interaction of the second coordination layer of the glass in this 
study is close to the O-NBO interaction in the crystal, so the O–O 
interaction of the second coordination layer is related to NBO. This in-
dicates that with an increase in CaO content, the interactions associated 
with NBO also increase. This conclusion is consistent with the changes in 
NBO shown in Fig. S11. The O–O bond lengths in calcium borate glass 
are similar to those in the corresponding crystals, especially when x =
0.25 and 0.32, where the O–O bond lengths in the corresponding crystals 
are almost the same as those in the glass. When x = 0.49, the distance 
between glass O–O bonds (2.42 Å) is close to the BO-NBO bonds (2.43 Å) 
in the CaB2O4 crystal. The coordination number of the O–O bonds in 
glass varies slightly in the range of 4.21–4.57, which is close to the co-
ordination number of the crystals with similar composition. The above 
information shows that many NBOs are produced with the increase of 
CaO content, but the O–O interaction distance does not change signifi-
cantly, so the coordination number changes little. 

The distances and coordination numbers of the first coordination 
layer for B–B, Ca–B, and Ca–Ca interactions of the xCaO⋅(1-x)11B2O3 
(0.26 ≤ x ≤ 0.49) glass are shown in Fig. 9, S9, and Table S5. In addition, 
the B–O–B angle distribution function analysis of calcium borate glass is 
shown in the B–O–B angle distribution function section of the SI section. 

3.4.2. Ring analysis and cavity distribution of xCaO⋅(1-x)11B2O3 (0.26 ≤
x ≤ 0.49) glass 

The rings distribution in xCaO⋅(1-x)11B2O3 (0.26 ≤ x ≤ 0.49) glass is 
shown in Fig. 14 it shows that the number of rings gradually decreases 
when 0.26 ≤ x ≤ 0.40. When 0.40 ≤ x ≤ 0.49, the number of rings 
initially increases and then decreases, with the minimum number of 
rings is around x = 0.40. By combining the variations of structural units 
obtained from Raman spectroscopy (Fig. 2, right), when 0.26 ≤ x ≤
0.40, boroxol ring and six-membered rings containing BØ4 tetrahedra 
transform into metaborate-chains, pyroborate units, and diborate 
groups. The change of the overall structural units shows that the content 
of ring structural units decreases, the content of "small molecular chain" 
structural units increases, and the structure becomes more dispersed. 
This change is consistent with the structural information in Fig. 14. 
When 0.40 ≤ x ≤ 0.49, six-membered rings containing BØ4 tetrahedra 
and metaborate-chains transform into pyroborate and diborate groups, 
resulting in an initial increase followed by a decrease of rings. Therefore, 
the extremum point of the variation in the content of ring structural 
units is also around x = 0.40, which is consistent with the information 
reflected in the ring distribution diagram (Fig. 14). The ring sizes dis-
tribution is shown in Fig. S13, where the predominant ring structure is 
the six-membered ring. As the CaO content increases, the variation of 
six-membered rings aligns with the overall change in the total number of 
rings. Apart from six-membered rings, there are eight-membered rings 
present in each component of calcium borate glass. Additionally, ten- 
membered and twelve-membered rings also appear as the majority of 
the structures of calcium borate glass. The types of ring structures 
contained in each component glass are shown in Fig. S14. As shown in 
the graph, there are six-membered double-ring structures connected by 
shared B atoms (pentaborate group, Figs. S14 and g) and six-membered 
double-ring structures connected by shared B–O bonds (Figs. S14 and f) 
in calcium borate glass. These two structures are also present in both 
lithium cesium borate and lithium borosilicate glass [32,62]. This may 
be a typical feature of metal-modified borate glass. It is also shown that 
the six-membered ring containing one BØ4

- tetrahedrons obtained by 
Raman spectroscopy is a pentaborate group (Table S2). 

The analysis of rings (Fig. S14) and chains (Fig. S15) structure shows 
that there are boroxol rings, six-membered rings containing one or two 
BØ4

- tetrahedrons, diborate group, pentaborate group, pyroborate chains 
and metaborate chains in the calcium borate glass, which are consistent 
with the types of structural units obtained by Raman spectroscopy, and 
the change trend of ring structure is also close to the results of Raman 
(Fig. 2, right). In addition, AIMD simulation also obtained structures 
such as eight-membered rings, 10-membered rings, 12-membered rings, 
and complex six-membered three rings (Fig. S14) that Raman spectra 
could not give. 

According to the center-based method [45], the micro cavity distri-
bution of xCaO⋅(1-x)11B2O3 (0.26 ≤ x ≤ 0.49) glass was calculated out as 
shown in Fig. 15. The cutoff radius for all components is 2.0 Å. With the 
increase of CaO content, the cavity occupancy of xCaO⋅(1-x)11B2O3 
(0.26 ≤ x ≤ 0.49) glass was 13.1 %, 11.8 %, 11.2 %, 10.1 %, 9.1 %, 9.0 
%, and the cavity showed a gradually decreasing trend. With the in-
crease of metal ions, there is also a decrease in void occupancy for so-
dium thioarsenate and silver thioarsenate glass [57,63,64]. The decrease 
in void occupancy is inversely proportional to the increase in density 
(Table 1). Fig. 16 shows the histogram of the cavity volume distribution 
in xCaO⋅(1-x)11B2O3 (0.26 ≤ x ≤ 0.49) glass. When x = 0.26, the cavity 
volume primarily distributes at the minimum and maximum values, 
with cavity volumes of 8.5–51 Å3 and 239 Å3, respectively. The results of 
ring distribution (Fig. 14 and S13) also show that the relative content of 
ring structures is the highest, especially the boroxol ring. The boroxol 
ring does not exist in other components except x = 0.26 glass. Therefore, 
the more ring structure leads to the larger cavity occupancy. As the CaO 
content increases, the cavity distribution becomes increasingly uniform. 
In the xCaO⋅(1-x)11B2O3 (0.32 ≤ x ≤ 0.49) glass, the cavity volumes 
range from 7 to 86 Å3. When x = 0.40, the cavities distribution of 

Fig. 13. The relative contents of Ca-BO and Ca-NBO interaction in xCaO⋅(1- 
x)11B2O3 (0.26≤ x ≤ 0.49) glass. 
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different sizes is the most uniform. The ring analysis (Fig. 14, Supple-
mentary Fig. 13) and Raman spectra (Fig. 2, right) in this component 
show that there is also a minimum point of ring content near x = 0.40, so 
the reduction of rings will also lead to a more uniform distribution of 
void cavities in calcium borate glass. 

3.5. The impact of structural changes on properties 

The experimental density, reference density [65,66], atomic number 
density, molar volume, glass transition temperature, reference glass 
transition temperature [65], and similar composition crystals density of 
xCaO⋅(1-x)11B2O3 (0.26≤ x ≤ 0.49) glass are shown in Fig. 17. We 

believe that the structural factors and specific effects of this difference 
are as follows:  

(1) The N4 of the crystal is always higher than that of the glass of 
similar composition (Fig. S10), and the increase in N4 results in 
enhanced 3D boron-oxygen network connectivity and increased 
density. Therefore, we think that N4 is the main factor influencing 
density.  

(2) Changes in structural units. The CaB6O10 (x = 0.25) crystal is 
primarily composed of six-membered rings containing one BØ4

- 

tetrahedra. The CaB4O7 (x = 0.33) crystal consists mainly of 
diborate groups. Both the Ca2B6O11 (x = 0.40) and CaB2O4 (x =

Fig. 14. Rings distribution in simulated box of xCaO⋅(1-x) 11B2O3 (0.26≤ x ≤ 0.49) glass obtained by AIMD methods.  

Fig. 15. The cavities distribution of xCaO⋅(1-x) 11B2O3 (0.26≤ x ≤ 0.49) glass.  
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Fig. 16. The cavities volume distribution histogram of xCaO⋅(1-x) 11B2O3 (0.26≤ x ≤ 0.49) glass.  

Fig. 17. Density data of xCaO⋅(1-x)11B2O3 (0.26≤ x ≤ 0.49) glass and comparison with literature values [65,66], atomic number density, molar volume, glass 
transition temperature and comparison with literature values [65] curves. 
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0.50) crystals are composed of six membered rings containing 
two BØ4

- tetrahedra, but the CaB2O4 (x = 0.50) crystal also con-
tains NBO. So, an increase in NBO leads to an increase in density. 
Singh et al. [67] have also shown that the increase in NBO results 
in a denser glass structure. The above information indicates that 
the increase in diborate groups and six-membered rings con-
taining two BØ4

- tetrahedra leads to an increase in density. 
However, in addition to the ring structure of the above crystals, 
there are also chain structures that does not contain BØ4

- (such as 
pyroborate and metaborate chains) in the calcium borate glass. 
So, this may also be an important reason why the density of the 
glass is less than the crystal density. 

With the increase of CaO content, N3 and N4 change little, the density 
of calcium borate glass increased, and the structural factors that cause 
the density change may include the following:  

(1) With the increase of CaO content, N4 changed little, but NBO 
content increased gradually. Therefore, the increase of NBO is the 
main structural reason for the increase of calcium borate glass 
density.  

(2) From the perspective of the interaction of atomic pairs, Figs. 11 
and 13 show that with the increase of CaO content at x < 0.4, the 
4B-BO interaction increases and the 3B-BO interaction decreases, 
so the three-dimensional connectivity of the glass is enhanced. 
The bond length of 3B-NBO and 4B-NBO interactions is shorter 
than that of 3B-BO and 4B-BO interactions, respectively, so the 
structure becomes denser with the increase of 3B-NBO and 4B- 
NBO interactions, resulting in an increase in glass density. When 
0.40 < x < 0.49, the changes of the interaction between atoms are 
relatively complex and need to be combined with the changes of 
structural units (Fig. 2, right) for analysis. In this range, the 
contents of diborate containing BØ4

- and pyroborate containing 
NBO increase significantly, resulting in an increase in density.  

(3) With the increase of CaO content, the cavities occupancy of xCaO⋅ 
(1-x)11B2O3 (0.26≤ x ≤ 0.49) glass gradually decreases, so the 
cavities occupancy is inversely proportional to the glass density. 

In addition, the turning points of the structural unit change (x = 0.32 
and x = 0.42) are also turning points of the change in the atomic density 
of the glass. With the increase of CaO content, the cavity occupancy of 
xCaO⋅(1-x)11B2O3 (0.26≤ x ≤ 0.49) glass gradually decreases, the NBO 
content gradually increases, and the glass transition temperature and 
molar volume both decrease gradually. Therefore, the cavity occupancy 
is proportional to the glass transition temperature and molar volume. 
The content of NBO is inversely proportional to the glass transition 
temperature and molar volume. 

4. Conclusion 

The main conclusions of the study on the xCaO⋅(1-x)11B2O3 (0.26 ≤
x ≤ 0.49) glass structure are as follows:  

(1) The increase of CaO content mainly leads to the conversion of BO 
to NBO in the glass microstructure, and also promotes the mutual 
conversion between BO3 and BØ4

- , but has little effect on the 
relative contents of BO3 and BØ4

- in the glass.  
(2) As the content of NBO increases, the interaction between Ca-NBO 

and B-NBO increases. Interestingly, the bond length distribution 
of Ca-NBO and B-NBO is shorter than that of Ca-BO and B-BO, so 
the glass structure becomes denser.  

(3) There are three main structural factors that affect the properties 
of glass:  

1) Atomic type. The increase of BØ4
- and NBO content contribute to 

an increase in glass density and decrease in the glass transition 
temperature. 2) Structural units. the change of atomic density 

and structural unit have the same turning points 3) Cavity oc-
cupancy rate. The cavity occupancy rate is inversely proportional 
to the glass density and directly proportional to the Tg and Vm. 
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