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A B S T R A C T   

The strength and toughness of sealing glass are currently unable to meet increasingly severe 
application conditions, and composites are an effective way to solve this problem. The size of 
reinforcement particles significantly affects the material properties, while the underlying mech-
anism still eludes deeper understanding. In this paper, the influence of the embedded alumina size 
is investigated from the perspectives of mechanical and fracture properties by mechanical tests, 
fracture toughness tests and the finite element method. The results of the experiment and 
simulation indicate that the fracture energy is mainly consumed by interface debonding and 
particle breakage, and the former consumes more energy. Materials with large particles have 
better mechanical properties, while those with small particles have better fracture properties. 
This difference could be ascribed to the curvature of the particles rather than the size. Therefore, 
an ideal reinforcement particle shape with both mechanical and fracture advantages is proposed. 
The results shed light on the nature of particle enhancement and point out a new direction for the 
design of sealing glass composites.   

1. Introduction 

Sealing glass is an advanced insulating material that has a combination of improved mechanical and chemical properties, such as 
higher temperature resistance, better corrosion resistance, radiation resistance and aging resistance [1]. It has been applied in the 
fields of fuel cells, metal/ceramic connections, feed-through seals, hermetic connectors, and transducers [2–4]. Sealing glass is the 
most critical material in components such as electrical penetration assemblies (EPAs) of high-temperature gas-cooled reactors, so 
increasing its strength can improve the service stability and life of the components. Composite materials show outstanding 
strengthening effects and have been successfully applied to the modification of aluminum [5–9], polymers [10–13] and glass [14–16]. 
Understanding the influence of the damage evolution in composite materials on structural properties is helpful to maximize their 
potential. 

Reinforcement materials affect the properties of composites through the reinforcement characteristics, bonding interfaces with the 
matrix, size, shape, etc. The characteristics of the reinforcement can be reflected in the composites, for example, the addition of metal 
particles can enhance toughness [17]. Different reinforcement shapes affect the stress distribution in the material, thus affecting the 
performance [18], and the volume fraction of the reinforcement usually has an optimal value [19]. In glass, materials such as SiC [14, 
20], Al2O3 [16,21], Si3N4 [22] and thoria [23] are often used as reinforcement particles. Al2O3 can be well wetted by glass and form a 
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strong bond [14], and alumina can be used as a carrier of Cr ions for photoluminescence spectroscopy techniques to measure the stress 
in the glass to realize the integration of structure and function [24]. It is well known that stress concentration in glass can lead to 
devastating consequences, so local excessive stress should not be introduced during enhancement. Composites inevitably undergo heat 
treatment during the manufacturing process, and the coefficient of thermal expansion (CTE) is a key factor affecting the stress in 
composites. Tensile stress can easily lead to glass damage, if the CTE of the matrix (αm) is less than that of the reinforcement (αr), an 
unbearable tensile stress is generated near the glass during the cooling process. If αm is greater than αr, compressive stress is generated 
in the glass near the particles during the cooling process. However, the stress distribution leads to cracks along the radial direction of 
the particles, and the cracks can easily connect, resulting in the overall failure of the material. Therefore, αr should be carefully selected 
to attain a balance between enhancement and deterioration. The CTE of alumina is similar to that of glass, and considering its strength 
and bonding performance, Al2O3 was selected as the reinforcement particle in this study. The shape of the reinforcement particles 
affects the properties of composites, and positions with acute angles are prone to stress concentration and crack initiation [25]. 
Therefore, smooth spherical particles are an ideal choice. 

It is widely accepted that the size of reinforcement particles affects the properties of composites, especially the alumina-glass 
system, but the internal mechanism is still controversial [16,26]. Due to residual thermal stress, there is a maximum critical diam-
eter of reinforcement particles, exceeding which will lead to a rapid deterioration of performance [27]. However, some people suggest 
that below the critical size, reinforcement particles, similar to bubbles, are ‘inherent flaws’ in glass, so large particles are more harmful 
[23,28]. Furthermore, smaller reinforcements elevate the densification level and microstructural uniformity, thereby improving the 
hardness and wear resistance [29]. In addition, small particles improve the performance of composites by reducing defects around the 
particles [30] and increasing the specific surface area to enhance load transfer [11]. Lloyd even believes that the fracture strength is 
inversely proportional to the square root of the particle size [31]. On the other hand, reinforcement particles can also be seen as 
‘pinning positions’, so the larger they are, the more effective they are in pinning the crack front [21]. Diler et al., using a central 
composite design approach, concluded that large reinforcement particles should be preferentially used to obtain high wear resistance 
[32]. Wang et al. found that the hardness and fracture toughness of large reinforcement particles (6–12 μm) were significantly higher 
than those of small particles (2–3 μm) due to crack deflection and bridging [33]. In addition, some studies only found an optimal 
particle size [34,35]. The above contradictions are mainly because the influence mechanism of particle size on the properties of 
composites has not been unified. 

Here, the effect of reinforcement particle size on the properties of composites was investigated in terms of mechanical and fracture 
properties by means of a combination of experiment and simulation. The reasons for the contradictions in previous studies are 
explained, and new solutions are proposed to provide new insights for manufacturing glass matrix composites with better 
performance. 

Fig. 1. (a–c) Morphology of Al2O3 powders with an average particle size of 0.1, 1 and 10 μm, respectively. (d) Particle size distribution.  
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2. Experimental procedure 

2.1. Sample preparation 

The sealing glass used is TH-3 from State Key Laboratory of New Ceramics and Fine Processing, China, which is a commercial 
borosilicate glass. The TH-3 was prepared by the melt-quenching method. The raw materials are fully mixed in a planetary ball mill and 
then melted in a platinum crucible at 1500 ◦C for 5 h. The molten glass was quickly poured into cold deionized water to form glass frits. 
Subsequently, the glass frits were dried and ball milled with ethanol in a grinding container. The obtained powder was mixed with an 
appropriate amount of organic binder to form granulated glass powders, and detailed preparation process was reported previously [36, 
37]. The sintered glass without reinforcement was labeled GC1. Then, these granulated glass powders were mixed with α-Al2O3 
powder (RUISiL, China) to obtain composite samples containing reinforcements with an average particle size of 0.1, 1, and 10 μm, then 
sintered and denoted GC2, GC3 and GC4, respectively. The particle size distribution of Al2O3 is shown in Fig. 1. Taking into account the 
effect of amplifying the reinforcement and avoiding its aggregation, the addition level of 20 wt% was selected. The powders with 
reinforcements were fully ground in an agate mortar for 20 min, compacted and broken 3 times to thoroughly mix the reinforcements 
and the matrix, and then put into molds for compaction. The samples were sintered in a muffle furnace (SX2-5-12, CHOY, Shanghai, 
China) to remove the binder. The binder discharge process was as follows: heating to 400 ◦C at a rate of 2 ◦C/min, then heating to 
700 ◦C at a rate of 2.5 ◦C/min, and maintaining for 1 h, then cooling in the furnace at an air atmosphere. Then, sintering at higher 
temperature was carried out to obtain composites. The process was as follows: heating to 880 ◦C, 920 ◦C, 960 ◦C, and 1000 ◦C at a rate 
of 10 ◦C/min, respectively, and retaining for 0.5 h at the selected temperature, then cooling to 560 ◦C at a rate of 15 ◦C/min with 1 h 
soaking time, then cooling down in the furnace. The process was carried out in a horizontal furnace in a nitrogen atmosphere with a 
flow rate of 1000 ml/min. The temperature maintenance stage at 560 ◦C was implemented for the elimination of residual stress in the 
glass matrix composites. 

2.2. Testing methods 

2.2.1. Hardness and fracture toughness 
The samples were sintered into a cylinder with a diameter of 5 mm and a height of 5 mm in a graphite mold. One of the surfaces was 

successively ground with silicon carbide abrasive papers of 100, 180, 320, 600, 1000, 2000, and 3000 grit, polished with zirconia 
polishing solution, and then ultrasonically cleaned for 5 min. Samples GC1, GC2, GC3 and GC4 were tested for hardness with a Vickers 
hardness tester (FM-810, FUTURE-TECH, Japan) under the load of 1.0 kgf; 20 points were tested for each sample, and the average 
values and standard deviations were calculated. The fracture toughness of the samples was determined by the indentation method. The 
samples were indented with a Vickers indenter on an indentation instrument (HV-502, Shanghai Daheng Optics and Fine Mechanics 
Co., Ltd., China) under a load of 10 N with a dwell time of 10 s at room temperature, producing clear radial cracks on the samples. The 
microstructure of the cracks was observed by field emission scanning electron microscopy (FE-SEM) (SU8220, Hitachi, Japan), and the 
crack length was measured by ImageJ software. Fracture toughness (KIC) was calculated using the model of Anstis et al. [38] according 
to the following equation: 

KIC = 0.016(E∕H)
1/2PC− 3∕2 (1)  

where E is the elastic modulus, H is the hardness, P is the load, and C is the half length of the indentation crack. A total of 120 crack 
lengths were measured, and the average values and standard deviations were obtained. 

2.2.2. Compression test and shear test 
The samples used for the compression test were sintered with a graphite mold to obtain a cylinder with a diameter of 5 mm and a 

height of approximately 5 mm. The sintered samples were reduced in thickness to 4 mm by grinding both sides to eliminate possible 
contamination by the graphite die. A universal testing machine (WDW-100, SHIMADZU, Jinan, China) was used to carry out the 
compression test at a rate of 0.05 mm/min to obtain the stress peak and load‒displacement curve. The glass samples in the shear test 
were sintered with an Al2O3 plate using a graphite mold. The size of the Al2O3 plate was 5 × 10 × 30 mm, and the glass was a cylinder 
with a diameter of 5 mm and a height of 5 mm. The shear strength of the interface between the Al2O3 and the glass was measured using 
a mold to peel the glass from the tangential direction [39]. Each batch included 20 samples to obtain the average strength and standard 

Table 1 
Parameters in the DMA test.  

Content Parameters 

Module Multi-frequency-strain 
Clamp 3-point bending 
Span (mm) 20 
Atmosphere Air 
Frequency (Hz) 1 
Heating rate (◦C/min) 5 
Temperature range (◦C) 25~400  

Y. Cai et al.                                                                                                                                                                                                             



Heliyon 9 (2023) e21895

4

deviation, and abnormal data were removed [40,41]. 

2.2.3. Dynamic mechanical analysis 
Dynamic mechanical analysis (DMA) (Q800, Waters, America) was used to measure the dynamic mechanical properties of the 

materials at different temperatures. The samples were sintered into a cuboid and processed to a strip of 3 × 10 × 30 mm on a grinder. 
The test parameters are shown in Table 1. 

2.3. Microstructure characterization 

The microstructures of the samples and fracture surfaces were characterized by FE-SEM (SU8220, HITACHI, Japan). The particle 
size and porosity were obtained by ImageJ software. 

2.4. Finite element analysis 

Square two-dimensional microstructure models were developed using the commercial finite element analysis software ABAQUS, 
and cracks were preset to simulate crack propagation using the extended finite element method (XFEM). XFEM is an extension of the 
conventional finite element method, with the difference that it allows the presence of discontinuities in an element by enriching the 
degrees of freedom with special displacement functions [42]. The boundary conditions and loads are shown in Fig. 2, and the red and 
blue triangles represent fixed and free boundaries, respectively. To simulate the interface debonding process, three material models of 
the matrix (glass), reinforcement particles (Al2O3) and interface were established and assigned to the corresponding position. The 
interface thickness was taken as 1/10 of the particle diameter according to the microstructure. The three materials were considered 
brittle, and therefore, the maximum principal stress damage form of the traction separation law was adopted. The mechanical and 
physical properties used in this model are shown in Table 2. The Young’s modulus was measured by a nanoindentation instrument 
(Keysight Technologies, G200, China) with an XP-TB26649-2106 tip and an indentation depth of 900 nm. The data are the average of 
three points. The changes in the CTE of the glass with temperature were measured by a Netzsch Instrument (Netzsch Instruments North 
America, LLC, Burlington, MA) 402 dilatometer over a temperature range of 20–500 ◦C at a heating rate of 5 ◦C/min in an argon 
atmosphere at a flow rate of 60 ml/min, which can be found in publicly available data. The maximum principal stress of the interface 
was obtained by shear tests of the alumina plate and glass, and the fracture energy was calculated as the area enclosed by the stress‒ 
strain curve. The Poisson’s ratio and CTE of the interface were the average of the values for the glass and Al2O3, and the other 
properties were obtained from the literatures. 

Models of 100 μm × 100 μm, 10 μm × 10 μm and 1 μm × 1 μm were established for GC2, GC3 and GC4, respectively, with loads of 1, 
0.1 and 0.01 N. Different sizes of GC1 models without reinforcement particles verified that the normalized crack length and crack form 
would not be affected by the model size and load. Two analysis steps were set. The first analysis step applied a temperature load of 
500 ◦C to room temperature, and the second analysis step applied a concentrated force on the model, as shown in Fig. 2. The Nlgeom 
function in step 2 was activated to simulate the fracture process. For plane stress analysis of samples, 4-node bilinear quadrilateral 
elements with reduced integration and hourglass control (CPS4R) were adopted [45]. The number of elements was approximately 50, 
000. The crack geometry was completely independent of the mesh in XFEM, and detailed element research or remeshing was not 
required [46,47]. The crack length and morphology were recorded for subsequent analysis. 

Fig. 2. The boundary conditions and loads of the model.  
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3. Results and discussion 

3.1. Parametric study 

3.1.1. Interfacial properties of glass matrix composites 
The main strengthening mechanisms of the particles are interface debonding and particle breakage. In composites, the interface 

properties of the matrix and reinforcement particles are the key conditions for ensuring load transfer and improving performance. In a 
certain range, the higher the interface strength is, the more it can transfer stress and strain to reinforcement particles with better 
strength, leading to better properties of the composite. During crack propagation, however, interface debonding will absorb energy 
and unload stress, thereby reducing the stress concentration and average stress in the matrix. Particle breakage can also absorb energy; 
thus, sometimes particle breakage is a beneficial phenomenon for helping the material withstand more damage. Therefore, to obtain 
preferable composites, it is necessary to determine the appropriate interface strength by adjusting the sintering temperature. The shear 
strength between pure glass powder and alumina plate at different sintering temperatures in the range of 880–1000 ◦C was measured, 
and then a large number of reinforcement particles (10 μm, 50 wt%) were added to the glass to measure the compressive strength and 
observe the fracture surface morphology. The results are shown in Figs. 3 and 4. Fig. 3 shows that the shear strength of the interface 
between glass and alumina increases from 8.7 MPa to 26.2 MPa with increasing sintering temperature, indicating that a higher sin-
tering temperature can promote wetting and thus improve the interface strength. However, the compressive strength of the glass bulk 
reaches an extreme value of 207.0 MPa at 960 ◦C. The reason for the mismatch between compressive and shear strength can be found in 
the microstructure. 

Fig. 4(a–d) shows the microstructure of the fracture surface of composites sintered in the temperature range from 880 ◦C to 
1000 ◦C. The fracture surface of the glass is relatively smooth, while the surface of the particles is rough. There are two forms of 
particles, the debonding particles have a spherical convex surface, and the broken particles have a significantly different circular from 
the surrounding glass. Fig. 4(e) and (f) reveal the morphology of interface debonding and particle breakage at a greater magnification. 
When samples are sintered at 880 ◦C, almost all the failure modes are interface debonding rather than particle breakage. As the 
sintering temperature increases, more particle breakage occurs at the fracture surface, and almost all the particles break at 1000 ◦C. 
More energy is needed for particle breakage at the beginning, but crack propagation easily occurs due to the brittleness of alumina. In 
contrast, the initiation of interfacial debonding requires less energy, but the energy is continuously consumed due to continuous crack 
deflection. To consume more energy, the interface strength should be improved as much as possible, but a large number of particle 
fractures should be avoided. Therefore, 960 ◦C was selected as the sintering temperature to achieve the optimal composite properties. 

3.1.2. Effect of reinforcements on porosity 
In general, reinforcements may lead to changes in the size and number of bubbles in glass. Bubbles can affect the performance of the 

Table 2 
Mechanical and physical properties used in this model.  

Properties Glass Reference Al2O3 Reference Interface 

Young’s modulus (GPa) 73 – 214 – 128 
Poisson’s ratio 0.33 [37] 0.22 [8] 0.28 
CTE (10− 6/◦C) variable – 8.4 [8] 7.7 
Max principal stress (MPa) 40 [37] 260 [43] 21.3 
Fracture energy (J/m2) 4.42 [37] 20 [44] 3.47  

Fig. 3. Compressive strength and shear strength of glass composites sintered at different temperatures.  
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composite and must be excluded. The diameters of 200 bubbles in a certain area of the microstructure were measured by ImageJ 
software, and the bubble distributions of GC1, GC2, GC3 and GC4 were obtained as shown in Fig. 5. The background of Fig. 5 is the 
SEM image of the samples, in which the size and number of bubbles can be clearly seen. The yellow line indicates the probability of 
bubbles of different sizes appearing. The porosities of GC1, GC2, GC3 and GC4 are 4.3 vol%, 2.3 vol%, 2.4 vol% and 3.3 vol%, 
respectively, and the standard deviations of bubble diameter are 5.86, 7.15, 6.07 and 6.63, respectively. The addition of spherical 
Al2O3 decreases the porosity of bubbles but makes the diameter distribution more dispersed. According to previous experimental 
results [37], the variation in porosity between the four samples has little effect, and the influence of the size of the reinforcements will 
be highlighted without considering that of porosity. 

3.2. Mechanical properties 

3.2.1. Static mechanical properties 
The hardness of the samples is shown in Table 3. Adding 20 wt% spherical alumina to the glass matrix significantly improves the 

hardness. When the diameter of the alumina particles is 0.1, 1 and 10 μm, the hardness is increased by 157, 233 and 215, respectively. 
The enhancement effect of GC2 is significantly weaker than that of GC3 and GC4. The difference between sample GC2 and samples GC3 
and GC4 may be mainly due to the interface area. The excessive interface area in GC2 leads to a “softer” material and lower hardness. 
Therefore, larger reinforcement particles will yield composite materials with higher hardness. 

The load‒displacement curves of representative GC1, GC2, GC3 and GC4 samples are shown in Fig. 6, and the extreme load values 
are 7.35, 8.58, 9.00 and 10.2 kN, respectively. The embedding of alumina increases the compressive strength of glass, and the larger 
the particles are, the more obvious the enhancement effect. In the early stage of loading, GC1 is significantly different from the other 
samples, with a linear relationship between load and displacement, while the other samples display a downward hump. This indicates 
that the pure glass is an elastic material at room temperature, and its elastic modulus does not change, while the mechanical properties 
of the glass matrix composites are more complicated. The slope of the load‒displacement curve represents the elasticity of the 

Fig. 4. Morphology of glass composites sintered at different temperatures. (a–d) 880 ◦C, 920 ◦C, 960 ◦C, 1000 ◦C. (e) Interface debonding 
morphology. (f) Particle breakage morphology. 
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material, and a large slope indicates that the material is not prone to deformation. Therefore, the composite is more ductile than pure 
glass at the initial stage of loading, but the composite becomes more rigid than pure glass when it is about to fracture according to the 
curves in the enlarged view. In general, the addition of alumina improves the compressive strength, and the enhancement effect of 

Fig. 5. The bubble distribution and microstructure of (a) GC1, (b) GC2, (c) GC3 and (d) GC4.  

Table 3 
The hardness, fracture toughness and simulated normalized crack length of the samples, with standard deviations in parentheses.   

GC1 GC2 GC3 GC4 

Hardness (HV) 473(43) 630(40) 706(37) 688(49) 
Fracture toughness (MPa⋅m0.5) 0.48(0.05) 0.82(0.10) 0.76(0.10) 0.73(0.10) 
Normalized crack length in simulation 32.5 17.0 (3.8) 18.4(5.8) 22.8 (4.7)  

Fig. 6. The load‒displacement curves of the samples.  
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large particles is more obvious. On the other hand, alumina makes the composite more ductile in the initial stage of loading, which is 
the main service stage, so the composite has greater toughness to resist cracks. When the load is large, the compressive strength of the 
composites is improved due to the larger slope. 

3.2.2. Dynamic mechanical properties 
The storage modulus and loss modulus of the samples in the range of room temperature to 400 ◦C were obtained by DMA, and the 

results are shown in Fig. 7. The storage modulus represents the energy stored in the material due to elastic deformation, reflecting the 
elastic behavior of the material, that is, the ability to resist deformation. The loss modulus is the ability of the material to consume 
energy during deformation, reflecting the viscous behavior of the material, and can predict the toughness of the material before crack 
initiation. The toughness after crack initiation is determined by the fracture toughness, as discussed in Section 3.3.1. As shown in 
Fig. 7, with increasing temperature, the storage modulus decreases steadily, and the loss modulus increases first and then decreases. 
The trend of different samples with temperature is very similar. By embedding alumina particles into the glass, the storage modulus 
and loss modulus are significantly improved. That is, before the initiation of microcracks, the composites with alumina particles can 
resist more loads and consume more energy. The improvement of GC3 (1 μm) is the most obvious. Consistent with the hardness, GC3 
possesses the best performance before crack initiation, which indicates that the appropriate particle size can improve the thermal 
mechanical properties of composites more efficiently. 

3.3. Fracture properties 

3.3.1. Fracture toughness and FEA 
The crack length was measured by SEM after indentation, and the fracture toughness of the composites was calculated by Eq. (1), 

with the results shown in Table 3. After embedding 20 wt% spherical alumina with a diameter of 0.1, 1 and 10 μm, the fracture 
toughness of the glass increases by 1.72, 1.60 and 1.53 times, respectively, which indicates that smaller particles are more effective in 
improving fracture toughness. The simulation results exhibit a similar trend in which the crack length is reduced to 0.52, 0.57 and 0.70 
of the original length, respectively (as shown in Table 3). These phenomena can be explained at the microscale. Fig. 8 shows the 
fracture surfaces of the samples. In GC1 (Fig. 8(a)), the fracture surface is significantly smoother and flatter than other samples because 
the crack propagation is not hindered by reinforcement particles. The fracture surface morphologies of GC2, GC3 and GC4 become 
increasingly rough with increasing particle diameter, and there are obvious differences between them. In Fig. 8(e), with a larger 
magnification, it can be seen that almost all the particles are peeled off from the matrix due to the small particle diameter and the low 
energy required for peeling. The fracture toughness values indicate that the accumulated energy consumed by this small-scale peeling 
will greatly improve the fracture toughness of the composites. However, more particles are broken in GC3 and GC4 (Fig. 8(c, d, f)), and 
crack deflection makes the fracture surface undulate. Particle breakage and crack deflection are the main reasons for energy con-
sumption in GC3 and GC4, which is effective in improving the fracture toughness of the materials, but the effect of larger particles is 
slightly worse than that of smaller particles. The more obvious toughening effect of small particles may be due to the large interface 
area and the greater tendency for interfacial debonding. 

The normalized crack lengths from the simulation are listed in Table 3, with a trend similar to that obtained by the indentation 
method, but the standard deviation is larger, which may be affected by the parameter settings. This proves that smaller reinforcement 
particles would improve the fracture toughness to a greater degree. The crack morphology from the finite element results is shown in 
Fig. 9. In pure glass (GC1), the crack propagates perpendicular to the loaded concentrated force, with almost no deflection. The 
normalized crack lengths in different scales of GC1 are equal, so there is no standard deviation of the value in Table 3. For composites 
with reinforcement particles, cracks interact with the particles, leading to deflection or traversal. In Fig. 9(d), the crack enters the 
particle and stops in it. The fracture toughness of alumina particles is larger than that of glass, so the cracks tend to stop in the 

Fig. 7. (a) Storage modulus and (b) loss modulus of samples.  
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reinforcement particles, which results in toughening. In Fig. 9(c), the crack propagates along the interface and deflects continuously 
after extending to the interface, which consumes considerable fracture energy. In Fig. 9(b), even if the crack is not in contact with the 
reinforcement particles, it will still be attracted and deflected due to the fluctuating stress near the particles, thus forming wavy cracks 
and consuming the fracture energy. Moreover, the simulation results indicate that the angle between the crack and the particle greatly 
affects the behavior of the crack. This issue will be explored in the next section. 

3.3.2. Hypothesis testing 
To explore the relationship between cracks and reinforcement particles, the microscopic morphology of cracks that interact with 

particles is shown in Fig. 10. Similar to the simulation, the crack of pure glass propagates straight (Fig. 10(a)). Its fracture toughness is 
the lowest, and the crack length is the longest under the same load. After reinforcement particles are embedded into the glass matrix, 

Fig. 8. Fracture surfaces of (a) GC1, (b, e) GC2, (c, f) GC3, and (d) GC4.  

Fig. 9. Simulated cracks in different samples: (a) GC1, (b) GC2, (c) GC3, and (d) GC4.  
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interactions between the cracks and ceramic particles will occur. If the contact angle between the crack and the particle is large (nearly 
90◦, as shown in Fig. 10(b and c)), the particle will split when the fracture energy is large, and a crack with less energy will be captured 
and stopped in the particle. Cracks with small fracture energy are also likely to stop near large particles because the compressive stress 
along the crack propagation direction is large adjacent to such particles (Fig. 10(d)). The fluctuation of stress leads to crack bridging, 
which is prone to occur at areas of particle aggregation (Fig. 10(e)) or near large particles (Fig. 10(f)). Bridging consumes a large 
amount of fracture energy and improves fracture toughness. Debonding rarely occurs near micron particles (Fig. 10(g)) but frequently 
occurs when nanoparticles interact with cracks, accompanied by bridging (Fig. 10(h)). 

To explore the influence of particle diameter and contact angle between cracks and particles on the propagation direction, 100 
cracks interacting with reinforcement particles were observed and recorded by SEM for hypothesis testing [48]. The data were evenly 
divided into 4 or 5 groups, and an irrelevant hypothesis (H0) was assumed. The original hypothesis can be expressed as: 

Fig. 10. Crack morphology. (a) The indentation morphology of GC1. (b) The crack traverses the particle. (c) The crack stops inside the particle. (d) 
The crack stops near the particle. (e) The crack deflects and bypasses the particle, and bridging occurs at the crowded particles. (f) The cracks are 
bridged near larger particles several times. (g) Crack deflection and interfacial debonding. (h) Interface debonding and bridging in GC2 (100 nm). 
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H0 : nij =
ni ·n· j

n
, i= 1,…, k, k= 4, 5, j= 1, 2 (2) 

Accordingly, the test statistic is: 

χ2 =
∑

i

∑

j

(
nij −

ni ·n· j
n

)2

ni ·n· j
n

(3) 

The pchisq function in R-studio was used to calculate χ2 and the P value, and the probability that the original hypothesis does not 
hold was obtained. The corresponding values are shown in Table 4, which shows that the traversal (particle breakage) of micron-sized 
particles or deflection (interface debonding) during crack propagation mainly depends on the contact angle between the particle and 
crack (confidence level: 99.9 %, 82.6 %) rather than the diameter of the particle (confidence level: 18.3 %, 55.7 %). In other words, the 
influence of particle diameter on fracture toughness is caused by the contact angle between the particle and crack. Particles with large 
curvature are more likely to cause interface debonding and consume more energy. From the perspective of fracture properties, par-
ticles with larger curvature have a better improvement effect, while in terms of mechanical properties, particles with a larger diameter 
have a better enhancement effect. Therefore, the reinforcement particles with larger curvature and larger diameter shown in Fig. 11 
will have all the above advantages, that is, the mechanical strength of large particles and the fracture toughness of small particles. 

4. Conclusion 

In this paper, static and dynamic mechanical tests, fracture toughness tests, microstructure analysis and finite element analysis 
were employed to explore the effect of reinforcement particle size on the mechanical and fracture properties of glass matrix com-
posites. It is concluded that the size of the reinforcement affects the mechanical properties by changing the contact angle between 
cracks and particles. The following are the key findings.  

• In alumina-reinforced glass matrix composites, the mechanism of reinforcement is mainly interface debonding and particle 
breakage. The energy required for the fracture initiation of the particles is high, but crack propagation is easy due to the brittleness 
of alumina. Conversely, the fracture energy required for the initial debonding of the interface is relatively low. Due to the 
continuous deflection of cracks along the interface, interface debonding consumes more energy than particle breakage.  

• Regarding mechanical properties, the hardness, compressive strength, storage modulus and loss modulus will increase significantly 
due to the addition of alumina particles, and larger particles have a better enhancement effect. Compared with pure glass, com-
posites are softer and more ductile in conventional service and are more rigid under larger loads, resulting in greater strength.  

• Regarding fracture properties, smaller reinforcement particles lead to greater fracture toughness. Based on microstructure analysis 
and hypothesis tests, it is found that the factor affecting whether a crack splits particles or deflects to bypass particles is not the 
particle diameter, but the curvature of the particles. Therefore, reinforcement particles with a large diameter and small curvature 
will result in composites with both excellent mechanical and fracture properties. 
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Table 4 
Hypothesis test results.   

χ2 Degree of freedom P value Confidence level 

Contact angle – traverse 15.5789 3 0.001383 99.8617 % 
Contact angle – deflect 4.9636 3 0.174482 82.5518 % 
Particle diameter – traverse 1.5548 4 0.816892 18.3108 % 
Particle diameter – deflect 3.7334 4 0.443287 55.6713 %  
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Appendix A. Supplementary data 

Supplementary data to this article can be found online at https://doi.org/10.1016/j.heliyon.2023.e21895. 
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