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A B S T R A C T

Crack initiation and growth limit the mechanical reliability and industrial applications of oxide glasses. The 
conversion of glasses into glass-ceramics can help to compensate for this shortcoming, as the presence of crystals 
can cause crack deflection and crack bridging and then increase the fracture toughness. However, due to the 
different thermal expansion of crystal and glass phases, the generation of residual stress is inevitable, which will 
induce compressive or tensile stress in glass-ceramics, thus changing the crack propagation path and crack 
initiation resistance. As such, it is a challenge to simultaneously improve the fracture toughness and crack 
initiation resistance. In this work, we attempt to address this challenge by modifying the crystal content in 
Nb2O5-doped magnesium aluminoborate glass-ceramics to improve crack resistance. Due to the generation of 
Al4B2O9 crystals with a lower coefficient of thermal expansion compared to the glass matrix, compressive stress is 
generated on the surface of the glass-ceramics, which reduces the cracking probability. At the same time, the 
presence of crystals causes crack deflection and crack bridging phenomena, enhancing the fracture toughness. In 
addition, heat-treatment also leads to an increase in the network connectivity of the glass ceramics, contributing 
to the improvement of its overall mechanical properties.

1. Introduction

Addressing the inherent brittleness and low fracture toughness of 
oxide glasses remains a major challenge. It constrains the use of glass in 
many applications, such as electronic processing, information trans-
mission, and medical device manufacturing [1,2]. The emergence of 
glass-ceramics has made up for this shortcoming. Since Stookey at 
Corning Glass Works discovered glass-ceramics by accident [3], 
glass-ceramics have been applied as electronic equipment, high-end 
precision instruments, chemical and mechanical equipment, as well as 
daily life appliances [4–6]. The excellent mechanical properties of many 
glass-ceramics are key factors for their commercial success. For example, 
aluminosilicate glass-ceramics with high fracture resistance have been 
successfully used in protective cover glass, such as in mobile phone 
screens [7]. The high flexural strength and fracture toughness of 
Zr-containing silicate glass-ceramics have also proven their important 

value in the field of dental restoration [8,9]. Nevertheless, the presence 
of crystals in a glass matrix may also reduce its service life. For example, 
large strains around the crystals in ferroelectric glass-ceramics cause 
cracks and defects due to the volume changes under an external electric 
field [10], and in thermal shock-resistant glass-ceramics, the high 
thermal expansion mismatch and crystal anisotropy of crystals and glass 
cause spontaneous microcracks [11]. Furthermore, glass-ceramics can 
be sensitive to stress concentration around cracks, which will reduce 
their resistance to cracking [12].

Recent research shows that the mechanical and thermal properties of 
glass-ceramics depend not only on their microstructure and chemical 
composition, but also on the residual stresses generated by the mismatch 
of coefficients of thermal expansion (CTE) during the cooling process of 
the crystals and glass matrix [13]. The distribution of residual stresses 
can be described by models of residual stresses, including Selsing’s 
model [14], Eshelby’s model [15] and Green’s model [16]. Based on 
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these models, the relationship between residual stresses and differences 
in precipitate sizes, volume fractions, and coefficients of thermal 
expansion can be explained [17–19]. Studying glass-ceramics with 
varying CTE of the crystals and glass matrix is important since the 
relative difference in CTE can cause different modes of crack propaga-
tion (through-crystal fracture and along-crystal fracture [20]) and 
microcracks [21], which in turn may have a significant impact on the 
mechanical properties. The precipitation of low CTE crystals to produce 
residual compressive stresses has been reported in different 
glass-ceramic systems, including Li2O-Al2O3-SiO2 [22–25], Li2O-SiO2 
[26], and zinc silicate [27], as well as low CTE droplet phase in phase 
separated glass [28].

Earlier studies reported that residual stress contributes to the in-
crease in fracture toughness. Taya et al. [21] reported that compressive 
residual stress is typically found to increase the fracture toughness, with 
similar toughening mechanisms found in other heterogeneous materials, 
such as borosilicate glass matrix composite containing alumina platelets 
[29,30] and phase separated glass [28]. However, more recent work on 
residual stress in glass and ceramic materials has found that residual 
stress is not related to changes in fracture toughness [31,32]. Mariana 
et al. [26] found that the best-case scenario for the effect of residual 
stress (compressive or tensile) on fracture toughness would be a minimal 
CTE difference between the crystal and the glass matrix, while a smaller 
CTE differences would reduce the stored elastic energy available for 
crack initiation or propagation. However, this is insufficient to signifi-
cantly improve fracture toughness. Crystals in glass-ceramics tend to 
increase fracture toughness through crack deflection and crack bridging 
[33]. Studies on residual stress to improve the surface quality of glasses 
and glass-ceramics have been widely reported, including chemical 
strengthening, tempering, and coating methods [34–36]. Compressive 
stress in glass and glass ceramics can effectively improve the surface 
strength of the material, such as crack initiation resistance (CR) [22]. 
Such stress can also be formed due to the precipitation of low CTE 
crystals. In detail, when the CTE of the precipitated crystals is higher 
than that of the glass matrix, tensile stresses generated at the 
glass-crystal interface can provide crack initiation sites [20]. In contrast, 
the precipitation of crystals with a lower CTE generates homogeneous 
compressive stresses at the crystal, and compressive radial stresses and 
tensile tangential stresses in glass matrix, which inhibits crack initiation 
[37]. Thus, the combination of low-CTE crystals and high-CTE glass 
matrix is expected to improve the crack initiation resistance.

Al2O3, B2O3 and SiO2 are typical network-forming glass components 
with low CTE. At the same time, alkaline earth oxides can be used to 
prepare hard and stiff glasses due to their high cationic field strength 
relative to alkali oxides. Consequently, aluminoborate glass-ceramics 
containing alkaline earth metal oxides are expected to feature higher 
modulus and lower CTE compared to silica-based glass-ceramics. The 
CTE of MgO–B2O3–Al2O3 type glasses is known to be about 4–6 × 10− 6/ 
◦C [38], which is lower than other alkaline-earth metal oxide glasses of 
the same main group [39,40]. In the former glass, MgAl2O4 crystal with 
a spinel structure is precipitated in the glass-ceramics as the primary 
phase and reacts with B2O3 at high temperature to form a low CTE 
aluminoborate crystal phase (Al4B2O9) and a high mechanical strength 
crystal phase (Mg2B2O5) [41]. However, the mechanical properties of 
MgO-B2O3-Al2O3 glass-ceramics have not yet been studied in detail, 
especially fracture toughness and crack initiation resistance. Most of the 
proposed applications of MgO-B2O3-Al2O3 glass-ceramics are within 
semiconductors and signal transmission, and therefore, it is indeed 
important to study the mechanical properties of this system.

In general, the fracture toughness of boroaluminate glass is lower 
than that of silicate glass (because of the high bond energy of Si-O), but 
boroaluminate glass shows higher crack resistance. Ke et al. [42] have 
found that in magnesium aluminosilicate glass-ceramics, the 
self-adaptation ability of MgO and Al2O3 can achieve stress dissipation 
by changing their coordination environment, which is similar to the 
view of other studies that CR is related to densification capacity [43]. 

Moreover, the pores formed between the crystalline phase and the re-
sidual glass phase, as well as crack deflection, multiple cracking, and 
crack bridging phenomena, can effectively increase the fracture tough-
ness of glass-ceramics [33]. Therefore, it is interesting to introduce low 
CTE crystals into glass to increase both CR and fracture toughness of 
glass-ceramics.

In this work, we therefore design glass-ceramics with an alumi-
noborate glass network and high field strength Mg2+ as the network 
"modifier". Compared with other alkaline earth modifiers, MgO as a 
modifier can produce more and higher coordinated Al and B in the glass- 
ceramic structure [43], which can enhance the mechanical properties of 
the glass-ceramics. We include Nb2O5 as a nucleating agent based on its 
ability to reduce the nucleation kinetics barrier, increase the nucleation 
rate, and increase the network connectivity [44,45]. Based on our recent 
work [46], we therefore here prepare a glass with composition of 
23MgO-18.4Al2O3-50.6B2O3-8Nb2O5 (mol%) by the melt-quenching 
method. The crystallinity of the glass-ceramics is adjusted by 
heat-treatment for different durations, and the resulting atomic-scale 
structures are analyzed by solid-state nuclear magnetic resonance 
(NMR) and Raman spectroscopy to establish a link with mechanical 
properties such as fracture toughness and crack initiation resistance.

2. Experiment details

2.1. Sample Preparation

The glass with a composition of 23MgO-18.4Al2O3-50.6B2O3- 
8Nb2O5 (mol%) was prepared by conventional melt-quenching method. 
We added the raw materials MgCO3 (≥98 %, Sigma-Aldrich), Al2O3 
(≥99.99 %, Sigma-Aldrich), H3BO3 (≥99.5 %, Sigma-Aldrich) and 
Nb2O5 (≥99.9 %, Sigma-Aldrich)) into a PtRh crucible and homogenized 
the melt at 1400 ◦C for 1 h, and then performed quenching by pouring it 
onto a Cu plate. To obtain a more homogeneous glass, we crushed the 
obtained glass and performed a second melt-quenching under the same 
experimental conditions. Following the approach of Li et al. [47], we 
analyzed the chemical composition (mol%) of the prepared glass using 
inductively coupled plasma optical emission spectrometry (ICP-OES). 
The test results showed that the composition is 22.1MgO-17.8A-
l2O3-52.4B2O3-7.8Nb2O5, i.e., similar to that of the nominal 
composition.

After melt-quenching, the obtained glass was quickly transferred to a 
preheated annealing furnace and annealed for 30 min at the predicted Tg 
temperature, followed by re-annealing for 30 min at the measured actual 
Tg temperature (see Section 2.2). Subsequently, these samples were cut 
into 10 × 10 × 3 mm3 blocks for heat-treatment. According to the DSC 
curve (Supporting Figure S1), the temperature at which the crystalli-
zation started was selected as the temperature of the heat-treatment 
(680 ◦C). In detail, the glass was heat treated for 4, 8, 12, and 16 h at 
680 ◦C to prepare glass-ceramics (named as MABN-0, MABN-4, MABN-8, 
MABN-12 and MABN-16, respectively). After cooling, the glass-ceramics 
samples were polished in ethanol with SiC sandpaper (240–4000 grit) 
for subsequent testing.

2.2. Basic property characterization

The glass transition temperature (Tg) was measured using differen-
tial scanning calorimetry (DSC) (STA 449 F1, Netzsch). A small sample 
of ~40 mg weight was heated in a Pt crucible under argon flow (gas flow 
rate of 40 mL min− 1) to 800 ◦C at a heating rate of 10 K/min, and then 
cooled to room temperature at 40 K min− 1. Tg was considered as the 
intercept between the tangent to the inflection point of the heat ab-
sorption peak and the extrapolated heat flow (Supporting Figure S1).

The transmittance of the precursor glass and glass-ceramic samples 
was tested using UV–visible spectroscopy (Cary 50 Bio, Varian). The 
measurements were performed in the visible range of 400–800 nm with 
a scanning speed of 60 nm/min. Every sample was tested three times and 
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the final spectral data were normalized to a thickness of 1 mm.
The coefficient of thermal expansion (CTE) of glass and glass- 

ceramics was tested using a dilatometer (DIL402C, Netzsch) in an Ar 
atmosphere (gas flow rate of 50 mL min− 1). The samples were cut into 
3 × 3 × 10 mm3 rectangles and heated at 2 ◦C/min to 680 ◦C. The CTE of 
the samples was calculated from the slopes of the curves in the tem-
perature range of 100–600 ◦C.

2.3. Structural characterization

The morphology of crystals and induced damage in the glass- 
ceramics was observed using field emission scanning electron micro-
scopy (SEM) on polished samples. These polished samples were etched 
with 10 vol% HF for 5 s for crystal morphology observation (figures 
shown in the main part of this work) and etched with 10 vol% HF for 10 s 
for crystal distribution observation (figures shown in the supporting 
information). The samples used for indentation morphology test were 
not etched. To improve the electrical conductivity, the samples were 
sprayed with gold (in the case of all SEM images shown in the main part 
of this work), or coated with 10 nm platinum (in the case of all SEM 
images shown in the supporting information). SEM images shown in the 
main part of this work were acquired using a Zeiss EVO 60 field emission 
SEM operated at a voltage of 15 kV. A Tescan Clara UHR SEM was used 
for the acquiring of SEM images shown in the supporting information. 
The instrument was operated at a voltage of 5 keV and a beam current of 
300 pA in UH-resolution scan mode with the potential tube mode set to 
bright beam. A working distance of around 10 cm was used. Images were 
acquired with an Everhart-Thornley type (YAG Crystal) detector.

The crystalline phases in the glass-ceramics were analyzed by the 
Empyrean PANalytical X-ray diffractometer using Cu-Kα1 radiation 
(1.5405 Å). The polished samples were placed on a carrier stage and 
scanned in the 5–75◦ range at a scan rate of 1.75 ◦ min− 1 under oper-
ating conditions of 40 kV and 20 mA. To estimate the crystallinity, JADE 
6.0 software was used to fit the diffraction peak of crystals.

Raman spectra were collected using a micro-Raman spectrometer 
(inVia, Renishaw). Sample surfaces were excited by a 532 nm diode 
pumped solid state laser. Spectra were scanned over a range of 
200–1600 cm− 1 with a resolution of > 2 cm− 1. At least three different 
positions were detected for each sample to ensure homogeneity. All 
spectra were subsequently background corrected and area normalized in 
Origin software.

Solid-state 11B and 27Al magic angle spinning (MAS) NMR spec-
troscopy was used to characterize the short-range structure of the 
samples. The measurements were performed at a magnetic field of 
16.4 T using a commercial spectrometer (VNMRS, Agilent) and a com-
mercial 3.2 mm MAS NMR probe (Agilent). Glass and glass-ceramics 
were ground into powder with a mortar and pestle and then loaded 
into a 3.2 mm diameter zirconia rotor, and the samples were spun for 11B 
and 27Al MAS NMR at 20 and 22 kHz, respectively. The resonance fre-
quencies of 11B and 27Al are 224.52 and 182.3 MHz, respectively, and 
the data for both nuclei were obtained using a short radio-frequency 
(RF) pulse width of 0.6 μs (π/12 tip angle) with recovery delays of 5 
and 2 s, respectively. 600–1000 scans were performed for signal aver-
aging in each experiment. The MAS NMR spectra of 11B and 27Al were 
plotted using the normal shielding convention, with an aqueous solution 
of boric acid (19.6 ppm) and an aqueous solution of aluminum nitrate 
(0.0 ppm), respectively, as the NMR shift reference. The collected data 
were fitted using DMFit [48]. We used second-order quadrupole line-
shapes to fit the resonances of BIII units, and used a combination of 
Gaussian and Lorentz functions to fit the resonance of BIV unit. 27Al MAS 
NMR data were fitted using the CzSimple model, accounting for distri-
butions in quadrupolar coupling.

93Nb MAS NMR spectra were collected at 16.4 T (171.04 MHz 
resonance frequency) using a 3.2 mm MAS NMR probe and sample was 
rotated at 20.0 kHz. A rotor-synchronized Hahn-echo sequence, with rf 
pulses of 1 and 2 μs, an echo delay of 50 μs, and recycle delays of 2 s were 

used to collect 10,000–20,000 scans. Data were Fourier transformed 
after shifting the time domain signal to the echo maximum, without 
additional apodization. Spectra were referenced using the IUPAC 
convention with 27Al of aqueous aluminum nitrate at 0.0 ppm [49,50]. 
93Nb MAS NMR data were fitted using the Czjzek function in DMFit.

2.4. Mechanical properties

The density of each sample was measured using the Archimedes’ 
principle. Every sample was measured ten times each in air and anhy-
drous ethanol (ρ = 0.791 g/cm3). The elastic moduli were measured 
using an ultrasonic thickness gauge (38DL Plus, Olympus) based on the 
pulse-echo method. 20 MHz piezoelectric transducers were used to 
generate transverse acoustic waves (VT) and longitudinal acoustic waves 
(VL). The longitudinal modulus (C11), Young’s modulus (E), shear 
modulus (G), bulk modulus (K), and Poisson’s ratio (υ) were then 
calculated based on the measured densities, 

C11 = ρV2
L (1) 

G = ρV2
T (2) 

K = C11 −
4
3

G (3) 

υ =
3K − 2G
6K + 2G

(4) 

E = 2G+ 2Gυ (5) 

The Vickers hardness (HV) and crack initiation resistance (CR) of the 
samples were measured utilizing a micro indentation tester (Nanovea 
CB500). To measure hardness, 15 indentations were made using the 
Vickers 136◦ diamond indenter with a load of 0.98 N at a loading rate of 
9.8 N min− 1 and a holding time of 15 s. To measure the crack resistance 
(CR), we counted the number of corner cracks emerging after Vickers 
indentation at varying loads. Counting was done 24 h after indentation 
under laboratory conditions at room temperature and relative humidity 
of 45–50 %. CR was then determined as the load at which the crack 
probability is 50 %. Each polished sample was subjected to 15 inden-
tation tests at different loads with a holding time of 6 s. The possibility of 
cracking was calculated at each load, and the CR value was determined 
by plotting a curve using Logistic fitting.

The fracture toughness (KIc) of the samples was tested using the 
single-edge pre-cracked beam (SEPB) method. All the polished samples 
were prepared as 1.5 × 2 × 10 mm3 beams, following the approach 
described and validated in our recent work [51]. On these samples, we 
introduced a line of Vickers indents in the middle of the breadth side (B 
= 1.5 mm) of the sample, with a load of 9.8 N for a dwell time of 10 s. 
Then, the side with the Vickers indents was placed face down in a bridge 
compression fixture [52,53]. A load was applied to the sample with a 
universal testing machine (Z100, Zwick) at a loading rate of 
0.05 mm min− 1, which resulted in the growth and joining of cracks at 
the corners of the Vickers indents and eventually expanding to half of 
the width of the specimen, ending up with a pre-crack length of ~0.5 W 
(W is the width of the beam; here W = 2 mm). Next, the samples with 
pre-cracks were placed in a three-point bending fixture, and the speci-
mens were loaded to fracture at a crosshead speed of 0.9 mm min− 1 

using the same universal testing machine. The fractured samples were 
collected after the test and the length of the pre-cracks, a, was measured 
using an optical microscope. We used a three-point bending set-up with 
a support span (S) of 8 mm to achieve a span ratio (S/W) of ~4. It should 
be noted that this ratio may be different for beams with different sizes. 
The peak load, Pmax, during loading was used to calculate the fracture 
toughness, 
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KIc =
Pmax

B
̅̅̅̅̅
W

√ Y∗ (6) 

Y∗ =
3S
2W

̅̅̅
α

√

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

(1 − α)32
√ f(α) (7) 

where α is the ratio of pre-crack to width (a/W, a = (a1 + a2 + a3) / 3), f 
(α) = [1.99 - (α - α2) × (2.15–3.93α + 2.7α2)]/(1 + 2α). The fracture 
toughness was taken as the average of five measurements for each 
sample.

2.5. DFT simulations

To obtain knowledge of the CTE of the crystals in the glass-ceramics, 
we performed density functional theory (DFT) calculations on Al2B4O9 
and Nb2O5 crystals based on the projector augmented wave (PAW) 
method [54,55]. The initial structures were obtained from the Materials 
Project database [56]. The simulations were done using the Vienna ab 
initio simulation package (VASP) [57], which uses a generalized 
gradient approximation scheme in the form of Perdew Burke-Ernzerhof 
(PBE) to describe the electronic interaction correlation function [58]. 
Using 3 × 3 × 3 Monkhorst-Pack k-mesh to collect data on the electron 
Bloch wave function [59,60], the energy cutoff for the plane-wave basis 
set was 600 eV. The lattice parameters and internal atomic coordinates 
were fully relaxed using a convergence criterion of a total energy of 
1.0⋅10− 6 eV atom− 1. Phonon calculations for the crystals were per-
formed using the finite displacement method described in the PHONOPY 
software package [61]. Density-functional perturbation theory (DFPT) 
implemented in the VASP code evaluates the force constants between 
atoms and calculates the phonon frequencies from the force constants.

For the two crystals present in the glass-ceramic samples, we con-
structed an Al2B4O9 unit cell (120 atoms, monoclinic) and a 
1 × 2 × 2 Nb2O5 supercell (56 atoms, monoclinic), respectively. Then, 
we calculated the Helmholtz free energy and thermal properties with a 
finite displacement (FD) of 0.01 Å to prevent fictitious interactions. The 
CTE of the crystal was calculated using the quasi-harmonic approxi-
mation (QHA) and Grüneisen theory [59]. In detail, 11 crystals with 
different scaling structures were established based on the volume of the 
equilibrium structure crystal (ΔV/V = ± 5 % with a step size of 1 %). 
Finally, the minimum free energy corresponding to the equilibrium 

volume at finite temperature was obtained by fitting the third-order 
Birch-Murnaghan equation of state (EOS) [62]. By repeated testing at 
different temperatures, the volumetric thermal expansion coefficient 
was obtained as, 

αv(T) =
1
V
∗ (

∂V
∂T

)P (8) 

where T is temperature, V is volume, and P represents the temperature 
derivative at constant pressure.

3. Result and discussion

3.1. Structure of precursor glass and glass-ceramics

First, we consider the microstructure of the glass-ceramics by 
comparing the surface morphology of MABN-0 and MABN-16 samples. 
As shown in Fig. 1a, the MABN-0 sample without heat-treatment is 
homogeneous and has no obvious signs of crystallization or phase sep-
aration (only polishing traces are visible). In the MABN-16 sample, 
crystal precipitates are observed (Fig. 1b), and when magnified, the 
morphology of the crystals is found to be needle-like strips, with a size 
between around 250–350 nm and no obvious systematic orientation 
(Fig. 1c,d). We have also observed the distribution of crystals at lower 
magnification (Supporting Figure S2). The results show that the crystals 
could not be easily observed in the MABN-0 and MABN-4 samples, but 
the crystals (crystal clusters) are evenly distributed in the MABN-8, 
MABN-12 and MABN-16 samples. As the heat-treatment time in-
creases, the size of the crystal clusters increases, which reduces the 
transparency of the glass-ceramics (Supporting Figure S3).

Fig. 2a shows the XRD patterns of the precursor glass and various 
glass-ceramics. We observe a small number of Bragg peaks assigned to 
Nb2O5 crystals in the precursor glass, which may be because the melt 
homogenization temperature is below the melting point of Nb2O5 (1512 
◦C), i.e., a small amount of Nb2O5 remains in the matrix, but this does 
not significantly affect the transparency of the as-prepared glass. These 
crystals are likely very small since they could not be observed in the SEM 
images (Fig. 1a), consistent also with the larger breadth of the Bragg 
peaks in the diffractogram. In addition, almost no sidebands corre-
sponding to Nb2O5 crystals were found in the NMR results, confirming 
that the content of Nb2O5 crystals in the as-prepared glass is very small. 

Fig. 1. SEM images of the (a) MABN-0 and (b-d) MABN-16 samples after etching.
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With increasing heat-treatment time, the changes in the crystal peak 
positions are likely due to the phase transition from T-Nb2O5 to M- 
Nb2O5 [63], which accompanies some narrowing of the peaks as these 
crystallites grow in size. Previous work has shown that amorphous 
niobium oxide (V) begins to crystallize into a "low temperature" form 
(T-form) at about 773 K, but at higher temperatures up to ~1103 K, 
there is a transformation from T-Nb2O5 to M-Nb2O5, with complete 
conversion achieved by heating at 1273 K for 4 hours [64]. In addition, 
diffraction peaks due to Al4B2O9 and Al18B4O33 crystals appear gradu-
ally upon heat-treatment, with the intensity of these peaks increasing 
with the increase of heat-treatment time. No Mg-containing crystalline 
phases appeared.

According to the study by Hamzawy et al. [65], aluminoborate 
phases were formed in glasses with high B2O3 content and low MgO and 
Al2O3 contents, which is similar to the present findings. Furthermore, 
the Mg-containing spinel phase may be formed at an early stage, with 
element redistribution occurring during the subsequent crystallization 
process, resulting in MgO remaining in the glass matrix. Reports have 
shown that Al4B2O9 is a sub-stable phase, which can gradually decom-
pose into Al18B4O33 and B2O3, and the latter slowly evaporates [66]. 
However, considering the low heat-treatment temperature in this work, 

Al4B2O9 is the main crystal phase. We have estimated the crystallinity 
using JADE software of glass-ceramics, and found it from MABN-0 to 
MABN-16 samples to be < 1 %, 11.3 %, 16.8 %, 22.9 %, and 30.8 %, 
respectively. To test for the type of crystallization behavior, we have 
ground the glass-ceramic samples to different depths (Supporting 
Figure S4). We find that the XRD patterns of the glass-ceramics obtained 
after grinding to different depths are almost identical, which suggests 
that the present glass-ceramics exhibit bulk crystallization.

Raman spectroscopy is used to further analyze the structure of the 
glass-ceramics (Fig. 2b). The bands in the 200–400 cm− 1 region can be 
assigned to the O-Nb-O in the M-Nb2O5 octahedron [46,67]. The in-
tensity of the peaks in this region increases with increasing 
heat-treatment time, which is consistent with the precipitation of Nb2O5 
crystals detected in the XRD results. The band near 850 cm− 1 is 
accompanied by a shoulder near 800 cm− 1, which can be attributed to 
the Nb-O stretching mode NbO6 unit participating in the Nb-O-Nb 
connection [68]. The vibration band at ~640 cm− 1 is attributed to the 
Nb-O vibration of chained NbO6 octahedrons [69,70]. These results 
indicate that Nb participates in the formation of the glass network in the 
form of NbO6 octahedrons. The broad band located at ~440–510 cm− 1 

is assigned to the B-O-B bending vibrations [71], and the ~570 cm− 1 

Fig. 2. Structural information of precursor glass and glass-ceramics: (a) XRD, (b) Raman spectroscopy, (c) 11B MAS NMR spectra, and (d) 27Al MAS NMR spectra, (e- 
f) 93Nb MAS NMR spectra. Arrows highlight changes in Raman and NMR spectra as the heat treatment time increases. Asterisks in (f) denote spinning sidebands. The 
powder diffraction file (pdf) numbers of the crystal phases are 30–0873 for T-Nb2O5, 19–0862 for M-Nb2O5, 09–0158 for Al4B2O9, and 29–0009 for Al18B4O33.
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band is attributed to the O-B-O bending vibrations. The intensities of the 
peaks within the two regions are slightly increasing upon 
heat-treatment, which suggests an increased number of B-O-B linkages 
in the borate glass network, with the presumed partial transition of BO3 
to BO4 units. Meanwhile, the band representing chain metaborate units 
(~704 cm− 1) in the precursor glass disappears upon heat-treatment, 
while the intensity of the band representing ring metaborate units 
(~644 cm− 1) [72] in the glass-ceramics has significantly increased after 
heat-treatment. The increase in the intensity of the 800–900 cm− 1 band 
region is related to the B-O-B units (e.g., chain borate units and B-O-B 
units present in the boron oxide ring structure), and the 1000 cm− 1 band 
are attributed to the B-O-B stretching modes of the BO4 unit [73,74].

The above results show that the intensities of all the bands associated 
with tetrahedral B increase after heat-treatment. Likewise, the in-
tensities of the B-O- associated bands decrease, and the intensities of the 
bands associated with B-O-B increase in the chained metaborate units. 
Overall, this suggests an increase in the connectivity of the borate 
network after heat-treatment. At the same time, the bands in the range 
1100–1600 cm− 1, corresponding to the B-O- present in the pyroborate, 
chain, and ring metaborate units [75], do not change significantly. We 
also observe an increased network connectivity in the units containing 
Al atoms. The intensities of peaks corresponding to groups related to the 
aluminate network increase with the heat-treatment time, such as Al-O- 

or Al-O-B (band around 480–500 cm− 1) and AlO4-O-BO3 groups (bands 
at ~1000 cm− 1) [75], and possible Al–O stretching in AlO6 groups [76]. 
The above results show that after heat-treatment, the content of highly 
coordinated B and Al species increases, because the network-formers 
precipitate from the glass matrix, i.e., the chemical composition of the 
remaining glass phase changes, e.g., the relative content of Mg atoms in 
the residual glass phase increases. At the same time, the new AlO4 and 
BO3 groups are attributed to the precipitation of Al4B2O9 crystals.

To further investigate the effect of heat-treatment on the short-range 
structure of the studied glass-ceramics, we have performed solid-state 
NMR spectroscopy measurements. Fig. 2c,d show the MAS NMR 
spectra of 11B and 27Al, respectively, with the deconvolution results 
given in Table 1. The determined speciation and spectral deconvolution 
are shown in Supporting Figures S5 and S6 and Supporting Tables S1 
and S2. We find that the coordination number of B increases upon heat- 
treatment. The broad peak centered at ~14 ppm is assigned to the BIII 

unit, while the peak centered at ~1 ppm is assigned to the BIV unit [77]. 
We further differentiate between two trigonal boron units based on the 
isotropic chemical shift values (Supporting Figure S5). With increasing 
heat-treatment time, the ring site trigonal boron (BIII-r) tends to trans-
form into a non-ring site (BIII-nr), along with the emergence of new BIII 

species, which we attribute to a crystalline trigonal boron environment 
(BIII-c). Combined with the determined quadrupolar coupling constant 
of 2.57 MHz and quadrupolar asymmetry parameter of 0.16, we find a 
highly symmetric BO3 triangle, which corresponds to three-fold coor-
dinated B with all bridging oxygens in the crystal. Earlier work also 
reports such BO3 sites in Al4B2O9 crystal [78].

Considering the 27Al MAS NMR results (Fig. 2d), the peak centered at 
~55 ppm is assigned to the AlIV unit, the peak centered at ~30 ppm is 

assigned to the AlV unit, and the peak centered at ~0 ppm is assigned to 
the AlVI unit. The MABN-0 sample contains the highest fraction of 5-fold 
coordinated Al, which exceeds the concentrations of AlIV and AlVI. The 
deconvolution fitting results (Supporting Figure S6) show that with 
increasing heat-treatment time, the AlIV and AlV species in the glassy 
state are partially consumed and converted to AlVI, while new species 
AlIV-c and AlVI-c are generated due to the precipitation of crystals, which 
corresponds to the AlO4 and AlO6 units in the crystals, respectively. The 
AlIV deconvolution peak at ~38 ppm is very close to the AlV deconvo-
lution peak, but it is actually an AlO4 unit (Supporting Figure S7). The 
phenomenon of transformation of low-coordinated species to higher- 
coordinated species upon heat-treatment for both B and Al species 
seems to be related to the precipitation of crystals. Possibly because as 
Al4B2O9 crystals precipitate, the fraction of MgO in the residual glass 
network increases. Previous research [43] comparing alkaline earth 
modifiers has shown that the high field strength (FS) of MgO leads to the 
high coordinated Al and B. This phenomenon has also been observed for 
other high-FS modifiers (such as La and Y). A possible explanation is that 
the structural change in glass leads to an increase in the content of 
"bridging" oxygen bonds with relatively higher negative charges (such as 
AlO5-O-BO4 and AlO6-O-BO4, etc.) after crystallization, which high-FS 
modifier can stabilize more effectively, and thereby promoting the for-
mation of highly coordinated species [79].

Fig. 2e,f show the 93Nb MAS NMR spectra. The Nb in all samples 
exhibits a 6-coordinated octahedral structure, with the peak centered at 
approximately − 1210 ppm [46,80]. The spectrum of the precursor glass 
shows a broad, featureless lineshape without any rotational sidebands 
due to the large quadrupole interaction and its distribution [81]. As the 
heat treatment time increases, the 93Nb NMR spectra become narrower, 
reflecting smaller quadrupole interactions due to the ordering and in-
crease in crystalline Nb2O5, as seen in XRD. As a consequence of these 
changes and related narrowing of the 93Nb NMR resonance, a series of 
shoulder peaks (asterisks in Fig. 2f) appear around the main peak po-
sition. These are spaced at the sample spinning frequency and represent 
satellite transition spinning sidebands for this I= 9/2 nucleus.

Since the 93Nb NMR spectra of heat-treated samples show similar 
signals, we compared the precursor glass and MABN-16 samples, and the 
deconvolution results of the two samples are shown in Supporting 
Figure S8. Deconvolution results show that the average magnitude of the 
quadrupole coupling constant (|CQ|) of the precursor glass is 68.3 MHz 
and the Gaussian line broadening (FWHM) is 109 ppm. The isotropic 
chemical shift is − 1200 ppm, which is very similar to the study by 
Otsuka et al. [82]. The top of the spectrum appears to be narrower than 
amorphous Nb2O5. This may be because the precursor glass contains a 
small amount of crystalline Nb2O5, which is superimposed on this broad 
and featureless peak. This is consistent with the small amount of Nb2O5 
peaks in the XRD results.

After heat treatment, the 93Nb MAS NMR deconvoluted spectrum of 
the MABN-16 sample narrowed significantly and shows many spinning 
sidebands (Supporting Figure S8a). The appearance of these artifacts 
and the narrower central transition peak are consistent with niobium 
crystallizing as Nb2O5 (blue peak). When Nb atoms are organized into an 
ordered/crystalline environment, the line shapes become significantly 
narrower, reflecting smaller quadrupole interactions. The isotropic 
chemical shift is approximately − 1210 ppm, and the narrow resonance 
has |CQ| = ~29 MHz and FWHM ~ 45 ppm, which is also similar with 
the literature [68] value for 93Nb in Nb2O5.

Finally, we notice that the fitting of the spectrum (dashed line) does 
not show perfect agreement with the experimental data because the 
93Nb MAS NMR deconvolution of MABN-16 appears to be composed not 
only of the peak and satellite transition sidebands of Nb2O5, but also any 
Nb-containing residual glass phase (Supporting Figure S8b). Although 
the lineshape indicates narrowing of the 93Nb resonance, consistent with 
crystallization of Nb2O5, the underlying peak is still quite broad and may 
contain some signal from Nb which remains in the glassy phase (indi-
cated by the broad signal in the orange shaded area), making it difficult 

Table 1 
Boron and aluminum speciation as determined from deconvolution of the 11B 
and 27Al MAS NMR spectra. The uncertainty in the area fraction is ± 0.2 %.

ID B site Al site

BIII 

Area 
(%)

BIV 

Area 
(%)

Average 
CN

AlIV 

Area 
(%)

AlV 

Area 
(%)

AlVI 

Area 
(%)

Average 
CN

MABN− 0 83.8 16.2 3.16 38.7 45.1 16.2 4.77
MABN− 4 84.3 15.7 3.16 38.0 43.7 18.3 4.80
MABN− 8 83.3 16.7 3.17 43.5 29.3 27.2 4.84
MABN− 12 81.5 18.5 3.18 36.8 25.4 37.4 4.99
MABN− 16 80.6 19.4 3.19 38.0 20.5 41.5 5.04
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to quantify the relative amounts of Nb in the residual glass phase and the 
crystalline phase.

3.2. Thermal expansion of glass and glass-ceramics

We have calculated the thermal expansion coefficients of the two 
main crystals (Al2B4O9 and Nb2O5) that precipitated upon heat- 
treatment through DFT simulations, due to the difficulty in obtaining 
experimental CTE data of these crystals. The relationship between the 
lowest Helmholtz free energy as a function of volume obtained in the 
state of P = 0 by fitting the Vine state equation is shown in Fig. 3a,b for 
the two crystals. Then, based on the unit cell volume as a function of 
temperature (Fig. 3c), the volumetric CTE of the two crystals is calcu-
lated as shown in Fig. 3d. We find that the Al2B4O9 crystal features slight 
negative thermal expansion at very low temperatures (~80 K). The 
volume thermal expansion coefficient increases monotonically with 
increasing temperature in the temperature range of 80–1000 K, with the 
simulated CTE at 300 K and 1000 K being 9.89 × 10− 6/K and 
11.16 × 10− 6/K, respectively. The volumetric CTE of Nb2O5 crystal also 
increases with the increase of temperature in the range of 80–600 K, but 
then decreases slightly with temperature above 600 K. The simulated 
volumetric CTE at 300 K and 1000 K are 7.63 × 10− 6/K and 
16.37 × 10− 6/K, respectively. This is similar to the volumetric CTE of 
Nb2O5 crystal reported by Manning et al. [83] of ~11.2 ± 2.0 × 10− 6/K 
(~5.3, 0, and 5.9 ×10− 6/K in the a, b, and c directions, respectively) 
from room temperature to 1000 ◦C. For isotropic materials, the linear 
thermal expansion coefficient is 1/3 of the volume expansion 
coefficient.

We have also tested the CTE of the precursor glass and glass-ceramics 
experimentally as shown in Supporting Figure S9. The measured volu-
metric CTE of the precursor glass is 2.22 × 10− 5/K. After heat treat-
ment, the CTE of the glass-ceramics is lower than that of the precursor 
glass. The MABN-12 sample has the lowest volumetric CTE of 
1.94 × 10− 5/K, whereas the CTE of the MABN-16 sample is slightly 
higher than of the other glass-ceramics, but still below that of the pre-
cursor glass. Therefore, as the heat-treatment time increases, the 

volumetric CTE decreases. This is interesting as the precipitation of 
crystals with low CTE will create homogeneous compressive residual 
stress in the crystals [84,85]. Crystal precipitation changes the compo-
sition of the residual glass phase, i.e., when all Al2O3 and Nb2O5 are 
precipitated, the residual glass composition is close to MgO-B2O3 glass, 
with an expected volumetric CTE of 1.416–1.503 × 10− 5/K [86]. 
However, considering the low crystallinity of the present samples, we do 
not take this CTE difference into account. In addition, all prepared 
glass-ceramics showed no microcracks caused by the large anisotropy of 
the CTE of the crystal, which may lead to spontaneous cracking [22].

3.3. Mechanical properties of precursor glass and glass-ceramics

Fig. 4a shows the density and hardness results for the MABN-0 sam-
ple, which are 2.78 g/cm3 and 6.6 GPa, respectively. The density and 
hardness then increase as crystals grow in the glass with increasing heat- 
treatment time, reaching values of 2.82 g/cm3 and 7.1 GPa, respec-
tively, in the MABN-16 sample. Fig. 4b shows the Young’s modulus and 
Poisson’s ratio results. We find a pronounced increase in Young’s 
modulus, from 89.3 to 100.8 GPa upon heat-treatment for the longest 
time. On the other hand, we observe a decrease in the Poisson’s ratio 
after heat-treatment. Fig. 4c shows the crack initiation probability of the 
samples under different loads, the loads corresponding to the red dashed 
lines represent the CR values for each sample, which are 9.9 N, 8.7 N, 
8.6 N, 12.5 N and 12.9 N from sample MABN-0 to sample MABN-16, 
respectively. Previous reports suggest that when the CTE of the crys-
tals is lower than that of the glass matrix, residual compressive stress 
will occur in the crystal [13], and a combination of tensile and 
compressive stresses will be generated in the matrix, which will hinder 
the generation of cracks. This can be the reason why CR increases upon 
crystallization as discussed in more detail below.

To study the crack growth resistance of the samples, we have used 
the SEPB method to quantify fracture toughness (Fig. 4d). While the 
fracture toughness of the precursor glass is 0.62 MPa⋅m1/2, it increases 
to 0.90 MPa⋅m1/2 for the glass-ceramic with longest heat-treatment 
time. The higher KIc of glass-ceramics relative to glasses can generally 

Fig. 3. (a,b) Volume-dependent Helmholtz free energy of (a) Nb2O5 crystal and (b) Al2B4O9 crystal from 0 K to 2000 K with a step size of 100 K. The solid lines are 
the fitting curves using the third-order Birch-Murnaghan equation of states, while the dotted lines are the equilibrium volumes determined by the minimum free 
energy at different temperatures. (c) Temperature dependence of the volume change of Nb2O5 and Al2B4O9 crystals. (d) Temperature dependence of volumetric 
coefficients of thermal expansion for Nb2O5 and Al2B4O9 crystals.
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be attributed to crack deflection, bridging, and branching during crack 
growth, thus effectively dissipating highly localized stresses. For 
example, we have found this in our previous study [46], where KIc of 
barium aluminoborate glass-ceramics with ~10 % crystallinity was 
enhanced by ~41 % over the precursor glass, with evidence of the 
crystals hindering crack growth. To investigate whether the same phe-
nomenon occurs in the present glass-ceramic samples, we have used 
SEM to image the crack growth paths due to Vickers indentation. Fig. 5
show the Vickers indentation and crack tip enlargement in the MABN-0 
glass, MABN-12 glass-ceramic, and MABN-16 glass-ceramic. In the 
MABN-0 glass, the indentation produced all straight corner cracks 
(Fig. 5a,b), and the magnified view of the corner crack shows no crack 
deflection (region 1). In the MABN-12 and MABN-16 glass-ceramics, the 
cracks tend to show some straight crack growth and undergo trans-
granular fracture in the regions close to the indent due to the high in-
tensity of the stress in these region (Fig. 5c and e) [87]. However, the 
crack tip further away from the indent extends around the crystal grain 
due to the decrease in crack driving force, which shortens the crack 
length due to the hindering effect of the crystals, resulting in inter-
granular fracture. In Fig. 5d, crack deflection can be found near the 
crystal tip. When further increasing the heat-treatment time, i.e., as 
crystal size increases, crack bridging can also be seen at the crack tip 
(Fig. 5f).

We propose that the increase in crack resistance upon crystallization 
can be ascribed to changes in residual stress and network connectivity. 
First, residual stresses in glass-ceramics are caused by the CTE mismatch 
between the crystal and glass matrix phases during the cooling process. 
A schematic diagram of the residual stress distribution in glass-ceramics 
due to different CTE is shown in Fig. 6. We assume that the crystals are 
uniformly distributed in random orientation in the matrix (Fig. 6a). 
When the CTE of the crystal is lower than that of the glass matrix, the 
glass matrix will be subjected to average compressive stresses (σR) in the 
radial direction and average tensile stress (σT) in the tangential direction 
(Fig. 6b), while the crystal will be subjected to compressive stress (σc) 
(Fig. 6c). This is because during the cooling process after heat treatment, 
since the volume change of the crystal with low CTE is smaller than that 
of the glass matrix, the crystal is subject to compressive stress in all 
direction. This residual stress distribution has been proved by Selsing’s 

model [14] and experiments [26,88], and the change in residual stress is 
positively related to the crystallinity [89]. The combination of tangen-
tial tensile stress in glass matrix, crystal size, volume fraction, crystal 
shape, surface energy, and CTE difference will lead to different crack 
propagation paths. Cracks can propagate along the crystal-glass inter-
face under the action of tangential tensile stress [90]. The role of tensile 
stress in promoting crack propagation decreases away from the crystal, 
which leads to a reduction in crack growth. The radial compressive 
stress from other crystals will cause the crack tip to be compressed, 
further hindering the crack propagation. Therefore, glass-ceramics with 
high crystallinity can introduce more compressive stress, thereby 
increasing the CR.

Second, improving the network connectivity of glass-ceramics can 
also help to improve crack resistance and fracture toughness, because 
crack initiation and propagation requires the breaking of chemical 
bonds. Although this phenomenon is difficult to observe experimentally, 
MD simulation work [91–93] has shown that the coordination number 
of the atoms in the glass network changes under an applied stress, 
helping to dissipate mechanical energy. Using high field strength Mg2+

as modifier can cause an increase in the concentration of AlO5 units in 
the glass network [94], which is also confirmed in the NMR result in this 
work. Then after heat-treatment, the concentration of highly coordi-
nated BO4 and AlO6 units increases, which increases the network con-
nectivity of the residual glass phase. This may contribute to improved 
crack resistance and fracture toughness because the highly coordinated 
B and Al atoms increase the frequency of bond switching events during 
the fracture process of glass-ceramics. It should be noted that this in-
crease in network connectivity is different that induced by densification, 
e.g., through hot compression, which tends to decrease crack resistance 
[95–99].

4. Conclusion

This work has investigated the structural and mechanical properties 
of Nb2O5 doped magnesium aluminoborate glass-ceramics. The hard-
ness, elastic modulus, and fracture toughness of glass-ceramics are 
higher than those of the precursor glass. In contrast to most previous 
work on glass-ceramics, the crack initiation resistance also increases 

Fig. 4. Mechanical properties of precursor glass and glass-ceramics. (a) Density and Vicker’s hardness, (b) Young’s modulus and Poisson’s ratio, (c) cracking 
probability as a function of applied indentation loads. and (d) fracture toughness.
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with increasing crystal content. We attribute this to the generation of 
compressive residual stresses in the surface of glass-ceramics after the 
precipitation of crystals with low coefficient of thermal expansion. 
However, various factors contribute to the toughening of glass-ceramics. 
The spherical crystal clusters containing needle-shape crystals can 

effectively hinder crack propagation, and the increase in the coordina-
tion number of B and Al atoms upon crystallization increases the con-
nectivity of the glass network, which likely promotes bond switching 
events during fracture. This study shows that a combination of high 
resistance to crack forming and high resistance to crack extension of 

Fig. 5. SEM visualized morphology of indent impression and crack path of (a-b) MABN-0 glass, (c-d) MABN-12 glass-ceramic, and (e-f) MABN-16 glass-ceramic. All 
indentations were done at a load of 20 N.

Fig. 6. (a) Schematic diagram of crystal distribution in glass-ceramics. Dark blue circles or ovals represent crystals, light blue area represents the glass matrix, and 
black lines represent the locations of microcracks in the matrix. Note that such microcracks tend to appear in materials where the thermal expansion of the precipitate 
is lower than that of the matrix, and the fracture toughness of the precipitate is higher than that of the matrix. Stress distribution (b) outside the crystal and (c) in the 
crystal when the CTE of the crystal is smaller than that of the matrix, including radial compressive stress and tangential tensile stress in glass matrix and compressive 
stress in crystal.
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glass-ceramics can be achieved by proper composition design of the 
precursor glass.
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aluminosilicate and microstructure of a lithium alumino borosilicate glass designed 
for zero thermal expansion, Ceram. Int. 49 (2023) 21246–21254, https://doi.org/ 
10.1016/j.ceramint.2023.03.254.

[26] M.O.C. Villas-Boas, F.C. Serbena, V.O. Soares, I. Mathias, E.D. Zanotto, Residual 
stress effect on the fracture toughness of lithium disilicate glass-ceramics, J. Am. 
Ceram. Soc. 103 (2020) 465–479, https://doi.org/10.1111/jace.16664.

[27] C. Bocker, C. Funke, C. Rüssel, Strengthening of a zinc silicate glass by surface 
crystallization, Mater. Lett. 207 (2017) 41–43, https://doi.org/10.1016/j. 
matlet.2017.07.045.
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