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The chemical composition of copper slag reduction tailings is similar to that of CaO–Al2O3–SiO2–Fe2O3 system glass-ceramics. 
Utilizing the copper slag reduction tailings as the primary raw material, glass-ceramics were prepared by the melting 
method, o�ering an e�ective approach for the high-value utilization of copper slag. The e�ects of varying B2O3 content 
on the crystallization kinetics, phase composition, and properties of the glass-ceramics were investigated using techniques 
such as thermogravimetry–di�erential scanning calorimetry, X-ray di�raction, and scanning electron microscopy coupled 
with energy-dispersive spectroscopy. The addition of B2O3 reduced both the nucleation and crystallization temperatures 
of the glass-ceramics, thereby promoting crystallization and transforming the crystallization mechanism from surface 
crystallization to bulk crystallization. With increasing B2O3 content, the crystallization activation energy (E) of the glass-
ceramics initially decreased and then increased. The predominant crystalline phase precipitated in the glass-ceramics was 
anorthite, accompanied by an increased precipitation of wollastonite. The glass-ceramic containing 6 wt% B2O3 exhibited the 
best overall performance, with a bulk density of 2.95 g·cm⁻³, a water absorption rate of 0.51%, a microhardness of 886.32 
HV, and a ῿�exural strength of 230 MPa. In addition, the mass loss rates under acid and alkali resistance tests were 2.2% 
and 1.9%, respectively.
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Introduction

With the rapid development of industry, global 
copper production has increased sharply. During the 
pyrometallurgical copper smelting process, approximately 
2.2-3 tons of copper slag are generated for every ton 
of copper produced [1, 2]. According to statistics, the 
global annual output of copper slag is approximately 70 
million tons, of which China accounts for 20-30 million 
tons per year [3]. Currently, the accumulated copper slag 
stockpile in China has reached 130 million tons [4]. After 
undergoing beneficiation or sedimentation, the majority 
of these waste slags are merely stockpiled, leading to 
considerable land occupation. Moreover, the toxic heavy 
metals contained within pose potential threats to the 
surrounding soil and water environments [5]. In addition, 
copper slag contains a significant amount of valuable 

metals, with iron and copper grades reaching or even 
exceeding the mineable grades of iron and copper ores 
(27% and 1%, respectively) in China, thus offering high 
utilization potential [6].

At present, carbothermal reduction is widely regarded 
as one of the most effective methods for the treatment of 
copper slag [7]. The copper slag reduction tailings refer 
to the residual molten slag obtained after extracting iron 
from copper slag via carbothermal reduction. Its primary 
components are SiO2, CaO, and Al2O3, which are similar 
to those of silicate glass-ceramics, making it a suitable 
raw material for glass-ceramic production [8, 9]. The 
preparation of glass-ceramics using copper slag reduction 
tailings not only effectively addresses the secondary 
pollution generated during the carbothermal reduction 
process but also contributes to resource conservation, 
thereby enabling the comprehensive utilization of all 
components of copper slag.

During the preparation of glass-ceramics, their structure 
and properties can often be effectively tailored through 
the use of additives. Under appropriate conditions, 
additives can promote crystallization or modify the 
size and morphology of crystals, thereby enhancing the 
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overall performance of glass-ceramics [10, 11]. Studies 
have shown that additives such as CaF2, TiO2, Cr2O3, and 
B2O3 can facilitate crystallization by regulating the glass 
network structure, reducing melt viscosity, or serving as 
nucleating agents [12-14].

B2O3 exists in the glass network in the form of 
triangular [BO3] and tetrahedral [BO4] units, with the 
[BO4] tetrahedron possessing a denser structure than 
the [BO3] triangle. The properties of glass-ceramics are 
determined by the relative fractions of [BO3] and [BO4] 
units [15, 16]. In addition, the incorporation of B2O3 can 
reduce the viscosity of glass-ceramics, which is beneficial 
for lowering the sintering temperature and promoting the 
sintering process of the glass-ceramics [17]. Therefore, 
compared with conventional additives, B2O3, similar to 
Si, is a complex amphoteric oxide that can not only act 
as a network former by participating in the formation of 
a “hybrid glass framework”, but also serve as a fluxing 
agent to reduce the sintering temperature of glass-ceramics 
[18, 19]. Currently, existing research primarily focuses 
on the effects of B2O3 on the structure and properties 
of Fe2O3-CaO-SiO2 ternary system glass-ceramics. 
However, the crystallization behavior, microstructure, 
and physicochemical properties of B2O3-modified CaO-
Al2O3-SiO2-Fe2O3 (CASF) quaternary system glass-
ceramics derived from copper slag reduction tailings 
remain inadequately investigated systematically.

However, existing studies have predominantly focused 
on the qualitative description of the effects of single 
additives on crystallization behavior, while the specific 
functional pathways of B2O3 in copper slag reduction 
tailings-based glass-ceramics, as well as its influence 
on crystal growth kinetics and structural modulation 
mechanisms remain insufficiently investigated.

In this study, copper slag reduction tailings were 

used as the raw material to systematically investigate 
the influence of B2O3 on the crystallization behavior 
and overall performance of glass-ceramics. Techniques 
including differential scanning calorimetry (DSC), 
X-ray diffraction (XRD), scanning electron microscopy 
with energy-dispersive spectroscopy (SEM–EDS), and 
microhardness testing were employed to analyze the 
effects of B2O3 on phase composition, crystal morphology, 
mechanical properties (such as flexural strength, bulk 
density, water absorption, and apparent porosity), as 
well as acid and alkali resistance. The findings aim to 
provide a theoretical basis for the efficient preparation 
and performance optimization of copper slag reduction 
tailings-based glass-ceramics, thereby promoting the 
advancement of resource utilization technologies for 
industrial solid waste.

Experimental

Preparation of glass-ceramics
After the carbothermal reduction of modified copper 

slag, the reduction tailings composed primarily of SiO2, 
CaO, and Al2O3 was obtained. In consideration of the 
residual Fe2O3 present in the reduction tailings, the 
Fe₂O₃ content was fixed at 2 wt%. Based on its main 
components, (CaO-Al2O3-SiO2-Fe2O3) CASF base glass 

Table 1. Chemical composition of the base glass (wt%).
Samples SiO2 CaO Al2O3 Fe2O3 B2O3

Y1 40.67 32.29 25.04 2.00 0
Y2 39.84 31.63 24.53 2.00 2
Y3 39.01 30.97 24.02 2.00 4
Y4 38.18 30.31 23.51 2.00 6

Fig. 1. Flow chart of the glass-ceramics preparation process.
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was formulated with a mass ratio of x wt% B2O3, 2 wt% 
Fe2O3, and (98–x) wt% of 41.50 wt% SiO2, 32.95 wt% 
CaO, and 25.55 wt% Al2O3. The value of x was varied 
at 0, 2, 4, and 6 wt% to investigate the effect of B2O3 
content. Table 1 lists the chemical composition of the 
CASF base glass.

Based on the chemical composition of the base glass 
shown in Table 1, the accurately weighed raw materials 
were thoroughly mixed and sieved to a particle size of 
less than 74 μm. The mixture was then placed in a muffle 
furnace and heated to 1500 °C with a holding time of 
1 h to ensure complete melting and homogenization. The 
molten slag was subsequently cast into a mold preheated 
at 600 °C for 1 h, followed by annealing in the same 
furnace at 600 °C for 2 h. After annealing, the base 
glass samples were cooled to room temperature along 
with the furnace. Finally, the samples were demolded, 
cut, ground, and polished to obtain base glass specimens 
with dimensions of 3 × 4 × 40 mm3. A portion of the 
base glass was crushed for differential thermal analysis, 
and the corresponding nucleation and crystallization 
temperatures were determined based on the DSC curves. 
Subsequently, an appropriate heat treatment schedule 
was established for the preparation of glass-ceramics. 
The specific preparation process is illustrated in Fig. 1.

Differential thermal analysis
Differential thermal analysis determines the nucleation 

and crystallization temperatures of glass-ceramics by 
detecting endothermic or exothermic peaks during the 
heating process, thereby enabling the design of an 
appropriate heat treatment schedule.

The prepared base glass was placed into a crusher 
and thoroughly ground until the particle size reached 
200 mesh. The thermal analysis was conducted using a 
simultaneous thermal analyzer (STA449F3, NETZSCH, 
Germany). A sample of 10 ± 0.5 mg was placed in an 
alumina crucible and loaded into the thermogravimetric 
apparatus. DSC curves were obtained under different 
heating rates (5 ℃/min, 10℃/min, 15 ℃/min, and 20 
℃/min). α- Al2O3 powder was used as the reference 
material. The testing conditions were as follows: air 
atmosphere, temperature range 0-1200 ℃.

The crystallization activation energy is a critical 
parameter that reflects the crystallization behavior of 
base glass. A lower activation energy indicates a higher 
crystallization tendency and improved ease of crystal 
phase formation. This parameter can be determined using 
the Kissinger equation [20], as shown in Equation (1).
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Where Tp is the peak temperature of the exothermic peak 
in the DSC curve (K); β is the heating rate of the DSC 
curve, ℃/min; R is the universal gas constant; E is the 
crystallization activation energy, kJ/mol; and ν is the 

frequency factor.
To determine the crystallization mechanism of the 

glass-ceramics, the crystal growth index n of the base 
glass was calculated using the Augis–Bennett equation 
[21], as shown in Equation (2).
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Where ΔT is the full width at half maximum (FWHM) 
of the crystallization peak in the DSC curve; R is the 
universal gas constant; E is the crystallization activation 
energy, kJ/mol; and Tp is the peak temperature of the 
exothermic peak in the DSC curve, K.

Crystal phase and microstructure
An X-ray diffractometer (X'Pert PRO MPD, PANalytical, 

Netherlands) was used to detect and analyze the phase 
composition. The specific experimental parameters were 
as follows: Cu target, operating voltage set at 40 kV, 
operating current at 40 mA, scanning speed of 2°/min, 
and a scanning range from 20° to 60°. The diffraction 
data were further processed using Jade 6 software 
for full-pattern fitting and semi-quantitative phase 
analysis. A field emission scanning electron microscope 
(Nova NanoSEM400, FEI, USA) combined with an 
energy-dispersive X-ray spectrometer (INCA IE350 
PentaFET-X3, Oxford Instruments, UK) was employed 
to observe and analyze the microstructure and crystalline 
phase composition of the copper slag and glass-ceramic 
samples.

Properties of glass-ceramics measurement
Flexural strength
The prepared bulk glass-ceramic specimens (3 × 4 × 40 

mm3) were ground and polished, followed by mechanical 
testing using a flexural and compressive strength tester 
(DYE-10 kN, Timestar Instrument Co., Ltd., Wuhan). 
The flexural strength was measured using the three-point 
bending method, with a span of 30   mm and a loading 
rate of 5 mm/min. Five samples were randomly selected 
from each composition for testing, and the average value 
was calculated [22]. The calculation method is shown 
in Equation (3).
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Where σ is the flexural strength, MPa; P is the maximum 
applied load, N; L is the span, mm; d is the width of 
the specimen, mm; and h is the height of the specimen 
parallel to the loading direction, mm.

Microhardness testing
The microhardness of the polished glass-ceramic 

samples was measured using a digital Vickers hardness 
tester (HVS-1000Z). A load of 100 N was applied for 
10 s. Each composition was measured five times, and 



Effect of B2O3 on the crystallization behavior and properties of glass-ceramics prepared… 1035

the average value was taken as the final microhardness 
result.

Bulk density and water absorption testing
After cutting and polishing, the glass-ceramic samples 

were tested for bulk density and water absorption based 
on the Archimedes displacement method [23, 24]. Each 
composition was tested five times, and the average value 
was taken. The calculation formulas are as follows:

1 0

0

100%m m
m

ω −
= × 	 (4)

Where ω is the water absorption rate, %; m0 is the mass 
of the glass-ceramic sample after drying, g; and m1 is the 
mass of the water-saturated sample in air, g.
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Where ρ is the bulk density, g·cm-3; m2 is the suspended 
mass of the glass-ceramic sample, g; and ρω is the 
density of water, which is 1 g·cm-3 when deionized 
water is used.

Corrosion resistance testing
In accordance with the national building materials 

standards JC/T 258-1993 [25] and JC/T 2283-2014 
[26], the acid and alkali resistance of the glass-ceramics 

was evaluated. The polished glass-ceramic samples 
were immersed in 20 wt% H2SO4 and 20 wt% NaOH 
solutions and boiled for 1 hour. The corrosion resistance 
was assessed by calculating the mass loss rate of the 
samples before and after the corrosion treatment. 
During the experiment, the acid and alkali solutions 
were appropriately replenished to maintain consistent 
concentrations throughout the corrosion process. The 
dimensions of the glass-ceramic samples were 5 × 5 
× 20 mm3, with five samples tested per group. After 
corrosion, the samples were removed, dried, and 
weighed. The average mass loss was then calculated 
using Equation (6).
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1
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Where W is the mass loss rate of the glass-ceramic 
sample, %; m1 is the mass of the sample before corrosion, 
g; and m2 is the mass of the sample after corrosion, g.

Results and Discussion

Effect of B2O3 on crystallization kinetics
Through systematic processing and analysis of the 

differential thermal analysis (DTA) data, the DSC 
curve characteristics of glass-ceramic samples with 

Fig. 2. DSC curves of samples with different B2O3 contents at various heating rates: s: (a) 0 wt% B2O3; (b) 2 wt% B2O3; (c) 4 wt% 
B2O3; (d) 6 wt% B2O3.
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different B2O3 contents are obtained, as illustrated in 
Fig. 2. With increasing B2O3 content, the crystallization 
peak temperature of the base glass decreases under the 
same heating rate, indicating that the addition of B2O3 
effectively reduces the crystallization temperature. At a 
fixed B2O3 content, the crystallization peak shifts toward 
higher temperatures as the heating rate increased. By 
accurately determining the peak temperature (Tp) of 
the crystallization exothermic peak at different heating 
rates (β), a quantitative relationship between Tp and 
β can be established. Based on the Kissinger kinetic 
equation [18], this dataset can be used to calculate the 
crystallization activation energy (E), thereby revealing 
the energy barrier characteristics of phase evolution and 
the nucleation-growth kinetics within the glass-ceramic 
system.

The sharpness and width of the crystallization 
exothermic peak reflect, to some extent, the effectiveness 
of the crystallization process in glass-ceramics. A broader 
and sharper peak indicates a more efficient crystallization 
process. Observations reveale that when the B2O3 content 
reached 6 wt%, the DSC curve displayed the sharpest 
peak, the widest peak width, and the largest exothermic 
peak area. These characteristics indicate that the glass-
ceramic sample with 6 wt% B₂O₃ exhibits an accelerated 
crystallization rate and an enhanced crystallization 
tendency [27].

The Tp values of each group of samples under different 
heating rates are listed in Table 2. As shown in the data, 
the Tp values of the same group gradually increase with 
increasing heating rate. This trend arises because the 
transformation from a metastable amorphous state to 
a stable crystalline state in glass-ceramics requires a 
certain amount of energy and time. When the heating 
rate is relatively low, sufficient time is available for 
the base glass to transform into the crystalline phase. 
Consequently, the Tp value of the crystallization peak 
is lower, and the instantaneous transformation rate from 
amorphous to crystalline is relatively slow, resulting in 
a broader and flatter crystallization peak. As the heating 
rate increases, the sample temperature rises more rapidly 
within the same time interval compared to lower heating 
rates. This shortens the time available for the base 
glass to transform into a glass-ceramic, resulting in a 
rightward shift and gradual increase in the Tp value. The 
instantaneous transformation rate from the amorphous 
phase to the crystalline phase becomes higher, and the 

crystallization peak becomes sharper. Moreover, the 
trend observed in the Tp values under different heating 
rates is consistent with the variations observed in the 
DSC analysis results.

The experimental data in Table 2 are processed by 
first calculating 1/Tp and ln(Tp²/β) for each sample. These 
two sets of values are then used as the x- and y-axes, 
respectively, to perform linear fitting, and the fitting 
results are shown in Fig. 3. From the slope and intercept 
of the fitted linear equation, the activation energy and 
effective frequency factor are calculated. Subsequently, 
the Augis–Bennett equation is applied using the data at 
a heating rate of 20 ℃/min as the reference to determine 
the crystal growth index of the glass-ceramics. The 
crystallization activation energy (E) and crystal growth 
index (n) for each group of samples are listed in Table 3.

The calculated results show that when the B2O3 content 
is 2 wt%, the crystallization activation energy of the glass 
sample decreases. However, with further increases in 
B2O3 content, the activation energy gradually increases. 
In terms of the crystal growth index, it generally exhibits 
an increasing trend with the addition of B2O3. This 
phenomenon may be attributed to the behavior of B2O3 
at low addition levels, where B3+ enters the network in 
the form of [BO3] triangular units, partially substituting 
the connectivity sites of [SiO4] tetrahedra. This network-
modifying effect reduces the degree of polymerization 
of the silica network, leading to a decrease in glass 
viscosity and an increase in atomic mobility. As a 

Table 2. Tp values (℃) of samples with different B2O3 contents.
Heating rate 

(℃/min) Y1 Y2 Y3 Y4

5 980 910 910 887
10 1000 940 930 905
15 1016 950 940 917
20 1026 960 950 920

Fig. 3. Fitting curves of 1/Tp versus ln(Tp²/β) with different 
B2O3 contents.

Table 3. Crystallization activation energy and crystal growth 
index of glass samples with different B2O3 contents.

B2O3 contents (wt%) 0 2.00 4.00 6.00
Activation energy 

(kJ·mol-1) 407 333 410 433

Crystal growth index 2.01 2.97 4.46 4.01
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result, the energy barrier for nucleation is lowered, 
causing the crystallization activation energy of the glass-
ceramic sample containing 2 wt% B2O3 to decrease. As 
the B2O3 content increases, a greater proportion of B3+ 
ions combine with anions to form [BO4] tetrahedral 
units, leading to a more stabilized glass structure. 
Consequently, higher energy is required to overcome 
the thermodynamic barrier, resulting in an increase 
in activation energy. However, the dimensionality of 
crystal growth also increases, and the crystallization 
mechanism of the glass-ceramics tends to shift toward 
bulk crystallization [28, 29].

Phase and morphological analysis of glass-ceramics 
with different B2O3 contents

To investigate the effect of B2O3 content on the 
crystallization behavior of CASF system base glass, 
corresponding nucleation and crystallization heat treatment 
schedules were designed based on the DSC curves shown 
in Fig. 2. The specific parameters are listed in Table 4.

Fig. 4 presents the XRD patterns of glass-ceramics 
with different B2O3 contents. As shown in Fig. 4, the 
crystalline phases precipitated in the glass-ceramic 
samples change with the addition of the fluxing 
agent B2O3, resulting in the formation of anorthite, 
calcium aluminosilicate, and wollastonite phases. The 
diffraction peak intensity of calcium aluminosilicate 
decreases significantly. The addition of B2O3 reduces 

the crystallization temperature of the glass-ceramics, and 
the lower-viscosity environment facilitated the diffusion 
of ions such as Ca2+ and Si4+, thereby promoting the 
nucleation and growth of wollastonite (CaSiO3) and 
enhancing the intensity of its diffraction peaks.

The XRD diffraction peaks for samples with varying 
B₂O₃ contents were deconvoluted using a Gaussian-
Cauchy mixture function [30] via the Jade 6 software. 
The calculated crystallinity results, presented in Table 
5, demonstrate a consistent increase with the addition 
of B2O3. The glass-ceramic with 6 wt% B₂O₃ exhibits 
the highest crystallinity, indicating the highest content of 
precipitated crystalline phases and the lowest content of 
the residual glass phase.

Fig. 5 shows the semi-quantitative analysis results of 
the crystalline phases precipitated in glass-ceramics with 
varying B2O3 contents. The semi-quantitative fitting errors 
were 8.77%, 8.21%, 9.24%, and 8.46%, respectively. As 
observed in the figure, with the increase in B2O3 content, 
the proportion of anorthite decreased from 69% to 54%, 
while the content of wollastonite gradually increased to 
25%, indicating that the formation of wollastonite was 
driven by improved kinetic conditions. The formation of 
anorthite requires the cooperative arrangement of Al3+ 
and Si4+ within a tetrahedral network, and the primary 

Table 4. Nucleation temperature and crystallization temperature 
of the base glass with different B2O3 contents.

B2O3 contents 
(wt%)

Nucleation 
temperature

Devitrification 
temperature

0 900 ℃+2 h 1000 ℃+2 h
2.00 805 ℃+2 h 960 ℃+2 h
4.00 805 ℃+2 h 940 ℃+2 h
6.00 805 ℃+2 h 920 ℃+2 h

Table 5. Crystallinity and content of crystal phases of glass-
ceramics with different B2O3 contents.

B2O3 
contents 
(wt%)

Degree of 
crystallinity

CaAl2Si2O8 

(wt%)
Ca2Al2SiO7 

(wt%)
CaSiO3 

(wt%)

0 54.53 37.63 16.9 —
2.00 66.72 43.84 12.88 10
4.00 73.86 49.41 8.94 15.51
6.00 81.63 50.69 10.45 20.49

Fig. 4. XRD patterns of glass samples with different B2O3 
contents.

Fig. 5. Crystalline phase composition of glass-ceramics with 
different B2O3 contents.
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components (CaO–Al2O3–SiO2) provide a sufficient 
structural basis for this. Even with the addition of B2O3, 
the high content of Al2O3 and SiO2 can still support 
anorthite as the dominant crystalline phase. Due to the 
similar charge between B3+ and Al3+, B2O3 may partially 
substitute Al2O3 in the glass network, forming [BO3] or 
[BO4] units. This substitution reduces the likelihood of 
Al3+ participating in crystal formation, which accounts 
for the slight decrease in the proportion of anorthite and 
the corresponding increase in wollastonite precipitation 
when the B2O3 content reaches 6 wt%.

Fig. 6 shows the SEM images of glass-ceramics 
with varying B2O3 contents, and Table 5 presents the 
atomic ratios of the crystalline phases in these samples. 
Combined with the data in Table 6, it can be observed 
that the crystalline phases precipitated in the glass-
ceramics include anorthite (CaAl2Si2O8), wollastonite 
(CaSiO3), and gehlenite (Ca2Al2SiO7). With increasing 
B2O3 content, a noticeable reduction in the gaps between 

crystalline phases is observed, and the grain size of the 
anorthite phase gradually decreases. 

When the B2O3 content is 4 wt%, the overall crystalline 
phase distribution is uniform, and the crystal interfaces 
are well-defined. In contrast, when the B2O3 content is 
below 4 wt%, pores and cracks are observed within the 
glass-ceramics. This is attributed to the predominance 
of surface crystallization at lower B2O3 levels, where 
crystallization mainly occurs at the surface. The high 
viscosity of the glass impedes bubble escape during heat 
treatment, resulting in the formation of pore defects.

Effect of different B2O3 contents on the properties 
of glass-ceramics

Effect of different B2O3 contents on the physical 
properties of glass-ceramics

Fig. 7 displays the water absorption and bulk density 
of glass-ceramic samples with different B2O3 contents. 
The measured average water absorption values were 
0.75%, 0.64%, 0.57%, and 0.51%, respectively. The 
corresponding average bulk density values were 2.64 
g·cm⁻³, 2.67 g·cm⁻³, 2.84 g·cm⁻³, and 2.95 g·cm⁻³. 
Moreover, with increasing B2O3 content, the water 
absorption of the glass-ceramic samples exhibits a 
decreasing trend, while the bulk density shows a gradual 
increase. This indicates that the addition of B2O3 leads 
to a denser crystalline structure in the glass-ceramics, 
resulting in higher bulk density, reduced porosity, and 
lower water absorption.

Fig. 8 shows the microhardness test results of the 
glass-ceramic samples. It is evident from the figure 
that the addition of B2O3 significantly enhanced the 
microhardness of the glass-ceramics. Among them, the 
sample containing 6 wt% B2O3 exhibited the highest 
hardness value. This can be attributed to the high content 

Table 6. Atomic ratios (at.%) of crystalline phases in glass-
ceramics with different B2O3 contents.
Crystalline 

phase O Al Si Ca Fe

A 48.95 12.86 17.74 19.12 1.34
B 47.98 17.64 22.94 10.64 0.79
C 60.97 13.81 16.50 8.42 0.30
D 57.36 15.64 8.91 17.32 0.77
E 54.52 16.19 20.27 8.59 0.43
F 58.72 15.55 8.64 16.17 0.92
G 55.72 16.11 18.84 9.03 0.30
H 56.06 13.28 7.64 22.01 1.01

Fig. 6. SEM images of glass-ceramic samples with different B2O3 contents.
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of precipitated anorthite phase and the fine-grained 
crystalline structure, in which the interlocking between 
crystalline phases further improves the material's 
resistance to external stress-induced damage.

Fig. 9 presents the flexural strength of glass-ceramic 
samples with different B2O3 contents. The measured 
average flexural strength values were 86.25 MPa, 115.35 

MPa, 194.48 MPa, and 221.75 MPa, respectively. As 
the B2O3 content increased, the flexural strength of the 
glass-ceramics improved. The sample with 6 wt% B2O3 
exhibited the highest flexural strength. This enhancement 
is attributed to the refinement of the crystalline phases, 
which were more uniformly distributed and free from 
significant defects due to the incorporation of B2O3.

The variation in flexural strength depends on the 
morphology and size of the crystals as well as the glass 
phase content in the glass-ceramics [31, 32]. As shown 
in Fig. 6 and Table 5, when the B2O3 content in the glass-
ceramics increases from 0 wt% to 6 wt%, the crystal 
size gradually decreases, and the glass phase content 

Fig. 7. Water absorption and bulk density of glass-ceramic 
samples with different B2O3 contents.

Fig. 8. Microhardness of glass-ceramic samples with different 
B2O3 contents.

Fig. 9. Flexural strength of glass-ceramic samples with different 
B2O3 contents.

Fig. 10. Appearance of glass-ceramics with different B2O3 
contents.

Fig. 11. Corrosion resistance of glass-ceramics with different B2O3 contents: (a) Acid resistance; (b) Alkali resistance.
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reduces. Fine crystal particles could effectively disperse 
external forces, avoid excessive stress concentration, and 
hinder crack propagation. Meanwhile, crack propagation 
induced by stress in glass-ceramics occurs more readily 
in the glass phase than in the crystalline phase [33]. 
Consequently, the flexural strength of the glass-ceramics 
increases.

Effect of different B2O3 contents on the corrosion 
resistance of glass-ceramics

Fig. 10 shows the actual photographs of the glass-
ceramic samples. As observed in Fig. 10, with increasing 
B2O3 content, the color of the glass-ceramics underwent 
a noticeable change, transitioning from light yellow to 
brownish green, and finally to a grayish-white tone.

Fig. 11 displays the actual photographs of glass-ceramic 
samples with different B2O3 contents after corrosion 
testing. Compared with the uncorroded samples, it was 
observed that in 20 wt% H2SO4 solution, the surfaces of 
the glass-ceramics were covered with a white substance 
regardless of B2O3 content. In 20 wt% NaOH alkaline 
solution, white deposits were attached to specific areas 
of the glass-ceramic surfaces.

To investigate the effect of the fluxing agent B2O3 on 
the corrosion resistance of glass-ceramics, the prepared 
samples were immersed in 20 wt% H2SO4 and 20 wt% 
NaOH solutions, respectively. The mass of each sample 
was measured before and after corrosion, and the mass 
loss rate was calculated. The mass loss results before 

and after corrosion are presented in Table 7. The mass 
loss rates of B2O3-containing glass-ceramic samples 
under acidic conditions were 3.4%, 2.5%, and 2.2%, 
respectively, while those in alkaline solution were 2.6%, 
2.3%, and 1.9%. In acidic environments, the mass loss 
of the glass-ceramic samples decreased progressively 
with increasing B2O3 content. In alkaline environments, 
the mass loss initially increased and then decreased with 
further B2O3 addition. This behavior can be attributed 
to the greater stability of Si–O tetrahedral structures 
and the anorthite phase in alkaline media. As B2O3 
content increases, the amount of anorthite precipitated 
also increases, thereby enhancing the alkali corrosion 
resistance of the glass-ceramics [34].

Fig. 12 shows the acid corrosion interface of the 
glass-ceramic samples. As observed under the electron 
microscope after polishing, a distinct corrosion layer 
appears on the surface of the samples subjected to acid 
solution attack. The thickness of the corroded boundary 

Fig. 12. SEM images of acid corrosion interfaces of glass-ceramics with different B2O3 contents: (a) 0 wt% B2O3; (b) 2 wt% B2O3; 
(c) 4 wt% B2O3; (d) 6 wt% B2O3.

Table 7. Corrosion resistance of glass-ceramics with different 
B2O3 contents (%).

B2O3 contents 
(wt%) 0 2.00 4.00 6.00

Acid resistance 7.8 3.4 2.5 2.2
Alkali resistance 2.4 2.6 2.3 1.9
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layer initially increases and then decreases. During the 
acid corrosion process, hydration reactions occur first, 
disrupting the glass network and generating micro-voids, 
which serve as pathways for SO4

2- ions to diffuse into 
the crystalline regions. This leads to the corrosion of the 
anorthite phase, resulting in stress imbalance within the 
crystal structure of the glass-ceramics, the formation of 
white particulate matter, cracking, and even exfoliation 
of the corroded layer as precipitates.

Conclusions

(1) The addition of B2O3 reduced the crystallization 
temperature of the glass-ceramics and promoted the 
crystallization process, shifting the crystallization mech
anism from surface crystallization to bulk crystallization. 
The sample containing 6 wt% B2O3 exhibited the most 
favorable crystallization behavior.

(2) With increasing B2O3 content, the crystallization 
activation energy (E) of the glass-ceramics initially 
decreased and then increased. Both the nucleation and 
crystallization temperatures gradually declined, and the 
overall crystallization behavior corresponded to bulk 
crystallization. The primary crystalline phase precipitated 
was anorthite, while the amount of wollastonite increased 
progressively.

(3) As the B2O3 content increased from 0 wt% to 6 
wt%, the water absorption of the glass-ceramics exhibited 
a decreasing trend, while the bulk density showed a 
corresponding increase. Both flexural strength and 
hardness improved. In the corrosion resistance tests, the 
mass loss of the glass-ceramics gradually decreased, with 
lower mass loss observed in alkaline solution compared 
to acidic solution. Through comprehensive comparison, 
it was found that the glass-ceramic exhibited optimal 
physicochemical properties when the B2O3 content was 
6 wt%. At this composition, the bulk density reached 
2.95 g·cm⁻³, the water absorption was 0.51%, the micro
hardness was 8.70 GPa (886.32 HV), and the flexural 
strength was 230 MPa. The mass loss rates under acid 
and alkali corrosion conditions were 2.2% and 1.9%, 
respectively.
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