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Abstract：
Ceramic microspheres are widely used in various applications, 

such as nuclear fuel particles in reactors, ZrO2 particles for bone 

fillers, and SiC particles for precision grinding media. To improve 

the mechanical performance and enhance the safety of these 

microspheres, the ability to rapidly and accurately determine their 

mechanical properties is of critical importance. However, due to the 

close relationship between the fabrication process, microstructure, 

and internal defect configuration of ceramic microspheres, their 
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mechanical characterization cannot be effectively conducted using 

conventional methods that ignore the spherical geometry. At present, 

no standardized experimental technique or computational model 

exists for such evaluation. This study investigates the crushing 

mechanics of ceramic microspheres by combining an improved flat-

plate crushing test with numerical simulations. Polycrystalline 

diamond (PCD) was adopted to enhance the conventional flat-plate 

crushing setup, which typically exhibits low sensitivity to specimen 

size but is not suitable for high-hardness materials. A dedicated high-

precision experimental device was developed for testing sub-

millimeter ceramic microspheres. Six groups of ZrO2 microspheres 

with varying diameters were tested, yielding precise force–

displacement curves that captured the complete crushing process. 

In parallel, numerical simulations based on Voronoi tessellation and 

global cohesive elements were conducted to replicate the crushing 

process. By calibrating the model to match the experimental force–

displacement curves, the mechanical parameters of the 

microspheres were determined in a scientifically reliable and precise 

manner. This integrated approach provides a new perspective for 

evaluating the mechanical properties of ceramic microspheres.

Keywords：
Ceramic microspheres; Flat-plate crushing test; Cohesive zone 

elements; Fracture simulation; Fracture toughness

1. Introduction：
The safety of nuclear power facilities is of paramount importance 

worldwide, and it is directly dependent on the integrity of reactor 

fuel systems. During the out-of-pile fabrication stage of fuel elements, 
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the assembled fuel compacts undergo multiple rolling processes. In 

these procedures, some fuel particles inevitably fracture due to 

insufficient strength and toughness, which can compromise the in-

pile performance of the fuel elements. If the internal fracture rate of 

fuel particles is excessively high, numerous microcracks may 

nucleate and propagate through the matrix, eventually forming 

macroscopic cracks extending several millimeters in length. Such 

damage poses a serious threat to the safe operation of nuclear 

reactors. In fact, the fracture failure of fuel particles is considered 

the root cause of structural failure in dispersion-type fuel elements. 

Similarly, ceramic microspheres are widely used in medical and 

industrial applications, including bone grafting materials and 

catalyst supports. To further improve their fabrication processes and 

performance, it is essential to accurately determine their mechanical 

properties, particularly their fracture behavior, which remains a key 

challenge to be addressed.

Currently, the commonly used testing methods for ceramic 

spheres include the two-ball and three-ball compression tests 

(standards JB/T 1255 and JIS D9418-2001), bending tests (standards 

ASTM C1161 and GB/T 4741-1999), the three-ball-to-sphere test [1], 

the “C-sphere” method [2], and the notched-sphere method [3] 

derived from the improved “C-sphere” technique. Prior to fracture, 

the assembly is subjected to a monotonically increasing compressive 

load, and the peak load at failure is defined as the "fracture load." 

This method enables the evaluation of the material's strength, 

toughness, and elastic modulus. The bending strength test is 

currently the most widely adopted technique for characterizing the 

mechanical properties of ceramic materials and is governed by well-
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established standards. This method is also applicable to measuring 

the tensile and flexural strength of glass specimens and assessing 

fracture behavior [4]. Moreover, it has been used to characterize the 

mechanical models of quasi-brittle materials such as rocks and 

concrete [5].

The ball-on-three-ball (B3B) test has also emerged as one of the 

widely adopted methods for evaluating ceramic materials. In this 

configuration, a ceramic disc is supported by three balls on one side 

and loaded axially by a fourth ball from the opposite side. Compared 

to uniaxial testing, the B3B method offers easier specimen 

preparation, is suitable for thin disc-shaped samples, and, due to its 

biaxial loading nature, better reflects real-world engineering 

conditions. Additionally, it enables the testing of a large surface area 

free from edge finishing defects [1]. Based on linear axisymmetric 

thin plate theory, Bassali [6] derived the maximum tensile stress at 

the center of the disc, which was later refined by Kirstein [7]. 

However, the B3B test inherently involves a complex three-

dimensional stress state, making it difficult to obtain exact analytical 

solutions. Therefore, finite element analysis is commonly employed 

to assist in the evaluation, and more recently, researchers have 

proposed new fitting functions for stress assessment in B3B testing 

[8].

Both flexural and B3B tests require specimens to be fabricated 

using identical manufacturing procedures, which are often costly 

and time-consuming. Furthermore, the measured strength in such 

tests typically corresponds to failure initiated by internal material 

damage. In contrast, compressive failure of ceramic spheres usually 

originates at surface regions experiencing high tensile stress, 
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particularly at or near polished surfaces. As a result, the measured 

properties may not fully represent the mechanical behavior 

encountered in actual application scenarios.

To address the aforementioned issues, Wereszczak et al. [2] 

devised and developed a method involving the machining of a groove 

with a fixed depth on the surface of the ceramic sphere, transforming 

it into a "C-sphere." A simple and monotonic uniaxial compressive 

load is then applied to the C-sphere, inducing tensile stress on its 

outer surface and ultimately causing fracture. The strength is 

determined by integrating the failure load, the C-sphere geometry, 

and finite element analysis. This method features a very simple 

geometry and is easy to implement in testing. Similarly, Strobl et al. 

[3,9] proposed an in-situ testing method on ceramic spheres. After a 

detailed analysis using the finite element method, a narrow notch is 

introduced along the equatorial plane of the sphere. When a 

compressive load is applied perpendicular to the notch direction, 

tensile stress is induced on the surface region opposite the notch, 

leading to fracture failure. 

It is evident that various experimental approaches have been 

developed for characterizing the mechanical properties of ceramic 

spheres across a wide range of sizes, and substantial progress has 

been made in this area. However, for many sub-millimeter ceramic 

microspheres—such as UO2 or UN fuel particles used in nuclear 

reactors [10,11], and ZrO2 particles used as bone fillers—with 

diameters typically ranging from 0.3 mm to 0.8 mm, current 

research remains limited. The inherent internal defect structures 

within ceramics lead to considerable variability in their mechanical 

properties, and the small size of microspheres may further intensify 
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this dispersion. Consequently, testing methods that involve 

introducing artificial cracks or cutting notches on the sphere surface 

are extremely inefficient and make it difficult to accurately capture 

such variability. Therefore, it remains challenging to evaluate the 

mechanical properties of ceramic microspheres independently of 

their spherical geometry. As a result, the existing experimental 

techniques are inadequate for directly measuring the mechanical 

properties of ceramic microspheres, and no standardized testing 

protocol currently exists.

Similarly, researchers have attempted to compress spheres 

between two parallel flat platens until fracture occurs. This test 

primarily evaluates the resistance to cumulative damage and is 

therefore more related to the material’s toughness, plasticity, and 

Young’s modulus rather than its intrinsic strength [12]. The method 

is largely insensitive to specimen size and has been widely employed 

in the testing of rock [13] and gravel [14], making it well suited for 

the present study. However, significant stresses develop only in the 

contact regions between the sphere and the platens. Because these 

high-stress zones are in close proximity, the actual amplitude of the 

maximum tensile stress is highly sensitive to the characteristics of 

the contact area. Factors such as plastic deformation of the platens, 

friction at the sphere–platen interface, and surface roughness of the 

platens can all strongly influence the results [3]. These issues 

represent the key challenges to be addressed in flat-plate 

compression testing.

The crushing test enables a direct comparison of the fracture 

behavior of different ceramic spheres through their force–

displacement curves; however, it cannot quantitatively determine 
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their mechanical properties. Therefore, employing numerical 

simulations to indirectly obtain fracture mechanical parameters 

represents a highly effective approach. The cohesive zone model 

(CZM) is a numerical method based on continuum damage 

mechanics, in which a cohesive element is inserted between two 

solid elements to represent the traction–separation relationship at 

their interface. The softening behavior described by this relationship 

reflects the degradation of material stiffness due to damage 

evolution. This degradation capability allows the CZM to simulate 

progressive fracture processes. The implementation of the cohesive 

model requires cohesive elements to be pre-inserted along potential 

crack paths to capture the corresponding mechanical response.

CZM-based approaches have been extensively investigated. For 

example, Guo [15] and Hou [16] constructed interfacial bonding 

layers in composite materials using cohesive elements. The core of 

CZM lies in the well-defined traction–separation constitutive 

relationships. Various cohesive laws have been proposed over time, 

including the bilinear and exponential models by Xu and Needleman 

[17], the trapezoidal model by Tvergaard and Hutchinson [18,19], 

the trilinear model proposed by Donadon et al. [20], and the linear–

parabolic model developed by Allix O [21,22]. Regardless of the 

specific form of the cohesive constitutive relationship, the cohesive 

energy represents the total work per unit area required to 

completely fail a cohesive element, which equals the fracture 

toughness Gc [23]. Among these, the bilinear model is widely 

adopted due to its simplicity and clear physical interpretation.

Therefore, this study aims to improve the flat-plate (flat-to-flat) 

compression testing method for sub-millimeter ceramic 
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microspheres of various sizes, by eliminating the limitations of 

conventional tests and obtaining accurate force-displacement curves 

throughout the crushing process. A numerical simulation approach 

is adopted to model the crushing behavior of ceramic microspheres 

and to derive their mechanical properties. In Section 2, the flat 

crushing test setup is enhanced by replacing conventional metallic 

platens with customized platens made of PCD composites. This 

effectively resolves issues related to plastic deformation, insufficient 

hardness, and high surface roughness of traditional metal platens. 

The resulting configuration forms a contact between three elastic 

bodies, enabling the flat-plate crushing test to be applied to high-

hardness, sub-millimeter ceramic microspheres. Considering the 

radiation hazards of uranium dioxide, zirconia microspheres—known 

for their higher strength, greater hardness, and wide range of 

applications—were selected for experimental validation. The 

customized experimental platform successfully produced accurate 

and reliable force-displacement curves, with comprehensive analysis 

of the results. In Section 3, a numerical model of the zirconia 

microsphere was constructed using Voronoi tessellation to introduce 

mesh randomness, and global cohesive zone elements were 

embedded to simulate the full crushing process. Finite element 

simulations were conducted to analyze the stress and strain 

distribution during crushing, and the use of both cohesive and bulk 

material parameters yielded elastic modulus and fracture toughness 

values consistent with those reported in the literature. Finally, 

Section 4 summarizes the key conclusions of this study.
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2. Crushing Experiment

2.1. Materials and Methods

Fig. 1. Schematic diagram of the crush test.

This study developed a dedicated crushing test platform tailored 

to spherical particles with diameters smaller than one millimeter, 

employing a flat-plate compression configuration (hereafter referred 

to as the crushing test). A schematic of the setup is shown in Fig. 1. 

The ceramic microspheres investigated in this study are composed 

of extremely hard materials. To prevent equipment wear and ensure 

accurate measurements, diamond is the ideal material for both 

platens and compression heads. However, fabricating platens 

entirely from single-crystal diamond would be prohibitively 
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expensive. As an alternative, this study employs PCD—a material 

commonly used in aerospace milling tools—as the platen material. 

PCD is a composite material produced by sintering diamond 

microparticles and a binder under ultrahigh pressure and high 

temperature. Its grains are randomly oriented, resulting in uniform 

hardness and isotropic mechanical behavior. This contributes to a 

very low coefficient of friction; according to published data, the 

friction coefficient between zirconia and PCD plates is only 0.12 [24]. 

Furthermore, being composed entirely of sintered diamond particles, 

PCD possesses a hardness far exceeding that of the ceramic 

microspheres under investigation.

The test specimens used in this study are zirconia ceramic 

microspheres sintered at 1450 °C with yttria as a sintering aid, 

specifically composed of 3 mol% yttria-stabilized tetragonal zirconia 

polycrystals (3Y-TZP). The fracture toughness KIc of the zirconia 

ceramics ranges from 5.2 to 8.1 MPa·m0.5, while the remaining 

mechanical properties are summarized in Table 1 and were provided 

by the manufacturers. The material parameters supplied by the 

manufacturers are consistent with the results reported in existing 

literature [25-28]. The PCD composite platens were manufactured 

by Henan Huanghe Whirlwind Co., Ltd. The diamond layer thickness 

of the PCD composite platen was 0.5 mm. The working surface was 

polished to achieve a surface roughness below 0.05 μm, as 

determined by measuring the platen surface using a three-

dimensional optical surface profilometer based on white-light 

interferometry and calculating the arithmetic average roughness 

(Ra). As a result, the platen surface exhibited a mirror-like finish. 

The precision zirconia microspheres were supplied by Pingxiang 
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Jinxiang New Materials Co., Ltd.

Table 1

Mechanical Properties of the Tested Material 

Material Hardness
Elastic Modulus 

(GPa)
Poisson’s Ratio

PCD 90GPa (HKn) 919 0.09

ZrO2 1400 (HV) 220±15 0.30

To facilitate the observation of deformation in the platens, a 

larger (9 mm) ZrO2 ceramic ball was first tested using an 880/10T 

high–low temperature testing machine to verify whether the PCD 

composite plates could sustain high loads while undergoing only 

elastic deformation. Upon successful validation, a customized 

testing platform was constructed, employing a benchtop dual-

column frame equipped with a precision ball screw and dual guide 

rods. The loading system is controlled by a high-precision actuator, 

with a speed control error of less than ±0.5% of the set value. The 

load sensors used in this apparatus were supplied by Hamk-Tech 

Corporation, comprising two high-precision units: one with a 

maximum capacity of 100 N and the other 1000 N, both featuring 

automatic zeroing and self-calibration. The load measurement 

accuracy is within ±3% of the reading when the load is between 0.05% 

and 0.1% of full capacity, within ±2% when between 0.1% and 1%, 

and within ±1% when between 1% and 100%. The data acquisition 

rate exceeds 5000 Hz. The displacement sensor was provided by 

Mitutoyo Corporation and employs a high-precision photoelectric 

linear gauge, with a gauge length range of 0–10 mm, a resolution of 

0.1 μm, and a measurement accuracy within ±2% of the reading. 

This setup ensures the precise measurement of force–displacement 
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curves for sub-millimeter ceramic microspheres. The detailed 

configuration of the experimental apparatus is shown in Fig. 2.

Fig. 2. Crushing Test Apparatus: (a) Detailed view of the crushing device, (b) 

Crushing test in progress.

In the formal experiments, six groups of zirconia ceramic 

microspheres with different diameter ranges were selected, with 10 

particles tested in each group to obtain their force–displacement 

curves. The particle diameter ranges for Groups 1 to 6 were 0.1–0.2 

mm, 0.2–0.3 mm, 0.3–0.4 mm, 0.4–0.6 mm, 0.6–0.8 mm, and 0.8–1.0 

mm, respectively. As shown in Fig. 3a, microspheres with different 

diameters are presented. In addition to the mechanical tests, the 
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remaining microspheres were characterized by scanning electron 

microscopy (SEM) to evaluate their sphericity (circularity), defined 

as C = 4πA/P2, where A is the projected area and P is the projected 

perimeter. For each size group, 15 microspheres were selected for 

measurement. The parameter C characterizes the projected 

circularity and was used as a quantitative criterion for near-spherical 

geometry, combined with multi-particle statistical analysis. The 

results are summarized in Table 2, from which it can be observed 

that the smallest diameter group exhibits relatively poorer sphericity. 

Figure 3c shows representative SEM images of microspheres from 

the smallest size group with the lowest sphericity. The particles with 

noticeably rough surfaces are impurity particles rather than zirconia 

ceramic microspheres.

Table 2 

Sphericity range of microspheres with different sizes

Group Diameter range (mm) Sphericity range

1 0.8-1.0 0.955-0.989

2 0.6-0.8 0.951-0.990

3 0.4-0.6 0.940-0.985

4 0.3-0.4 0.937-0.982

5 0.2-0.3 0.926-0.974

6 0.1-0.2 0.892-0.947

Since the diameter of each ceramic microsphere was not strictly 

uniform, individual measurements were required for each specimen. 

The diameter was determined by recording the displacement at the 

moment when the applied load exceeded 0.5 N and subtracting this 

displacement from the initial gap, yielding the actual particle 

diameter. In addition, the microsphere diameters were 
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independently measured by scanning electron microscopy (SEM) to 

validate the instrument-based measurements.

Fig. 3. Ceramic microspheres: (a) different diameters; (b) diameter 

measurement under microscope; (c) SEM image of microspheres in the 

smallest size group.

2.2. Analysis of Experimental Results

2.2.1. Strength Testing of PCD Composite Plates

As shown in Fig. 4, to evaluate the actual performance of the 

indenter made from PCD, a comparative test was conducted using a 

9 mm diameter ZrO2 ceramic sphere on an 880/10T high- and low-

temperature testing machine. The experimental procedures are 

illustrated in Fig. 5a and Fig. 5b, where the ceramic sphere was 

crushed directly using a metallic indenter and between two PCD 
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composite plates, respectively. The corresponding results are 

presented in Fig. 6. During the crushing of this high-hardness 

ceramic sphere, the difference in the force–displacement curves 

obtained from the metallic and PCD indenters primarily resulted 

from plastic deformation occurring at the contact area between the 

metallic indenter and the ceramic sphere. As shown in Fig. 6a, the 

metallic indenter exhibited obvious plastic deformation after the test, 

with a permanent indentation formed at the bottom. In contrast, the 

surface of the PCD composite plate only underwent minor elastic 

deformation during the crushing process, as shown in Fig. 6b, and 

retained its mirror-like finish without any plastic deformation. 

Consequently, the force–displacement curve measured using the 

PCD plates demonstrated significantly higher accuracy compared to 

that obtained with the conventional hard metal indenter.

Fig. 4. Ceramic spheres used in the comparative experiment
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Fig. 5. Comparative test of indenters used in the crushing experiment: (a) 

Carbide Indenter, (b) PCD Composite Indenter.

Fig. 6. Crushing Test Results and Indenter Deformation for 9 mm ZrO2 

Ceramic Ball Using Different Indenters: (a) Carbide Indenter, (b) PCD 

Composite Indenter

2.2.2. Analysis of Crushing Test Results

As described in Section 2.1, the 60 zirconia ceramic 

microspheres were divided into six groups (Groups 1–6). The force–

displacement curves obtained from the crushing tests are presented 

in Fig. 7. In the group with diameters ranging from 0.1 to 0.2 mm, 

two curves exhibited noticeable deviations, and the overall trend of 
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this group differed from that of the others. This discrepancy arises 

because the test requires microspheres with sufficiently high 

sphericity. As indicated by Table 2, the smallest microspheres are 

more difficult to manufacture with high geometric precision; 

consequently, a small fraction of particles in Group 1 exhibit 

noticeably reduced sphericity due to processing limitations. This 

insufficient sphericity degraded the quality of the corresponding 

force–displacement curves, and two curves showed clear anomalies. 

Therefore, these two curves were excluded from all subsequent 

analyses. For clarity in the following discussion, the following 

definitions are introduced: let l denote the displacement of the 

loading platen from the moment of contact with the ceramic 

microsphere to any point before fracture occurs. Let L₁ represent 

the displacement of the platen from the moment of contact to the 

instant of fracture, defined as the fracture displacement. The 

corresponding maximum load on the force–displacement curve is 

referred to as the fracture load or crushing load, denoted as Ff, and 

D denotes the diameter of the microsphere. An analysis of the force–

displacement curves indicates a high degree of scatter within 

individual diameter groups. For particles with the same nominal 

diameter, the fracture displacement, fracture load, and the slope of 

the force–displacement curve varied considerably. This variation 

was especially pronounced in the group with the smallest diameters, 

where the curves exhibited the most significant scatter.

For each particle size group, the average diameter and average 

fracture load of the zirconia microspheres were calculated. Based on 

these values, a plot of the average maximum cross-sectional area 

versus the average fracture load was generated, as shown in Fig. 8. 
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It can be observed that each data point of the average fracture load 

versus the average maximum cross-sectional area lies very close to 

the fitted line, with an average percentage error of only 4.92%. 

Therefore, the fracture load can be considered proportional to the 

square of the diameter, indicating a strong size dependence of the 

failure load for zirconia microspheres.

The ratio of the fracture displacement to the particle diameter is 

defined as the compression diameter ratio (rcd). This dimensionless 

parameter, expressed as, serves as rcd = L1/D, a normalized indicator 

of the relative compressive deformation sustained by a ceramic 

microsphere at the point of fracture.

The rcd is indicative of the fracture behavior of the material and 

facilitates comparative analysis across particles of different sizes. A 

higher rcd value suggests that the microsphere has undergone 

greater compressive deformation before failure, implying superior 

compressive resistance and a more robust fracture performance.

The relationships between fracture load and microsphere 

diameter, as well as between the compression diameter ratio (rcd) 

and diameter, are illustrated in Fig. 9 and Fig. 10. To facilitate 

interpretation, statistical analyses were performed for the fracture 

load and rcd within each microsphere size group, including the 

standard deviation (SD), coefficient of variation (CV), and 

interquartile range (interquartile range, IQR). The corresponding 

results are summarized in Tables 3 and 4. It can be observed that, 

for microspheres within the same size group, the coefficient of 

variation of the fracture load is generally greater than 10%, and the 

interquartile range is relatively large, indicating pronounced scatter. 

In contrast, the coefficient of variation of rcd within the same group 
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is mostly below 10%, suggesting that the dispersion of rcd is slightly 

lower than that of the fracture load. Nevertheless, noticeable scatter 

remains present.

Table 3

Statistical analysis of fracture load (N) for six groups of ceramic 

microspheres

Group Number of 

samples

Mean SD SV(%) IQR

1 8 21.075 2.921 13.86 2.802

2 10 68.913 8.903 12.92 10.481

3 10 91.744 16.287 17.75 26.946

4 10 232.086 47.181 20.33 66.780

5 10 304.363 28.283 9.29 47.789

6 10 550.913 65.963 11.97 75.764

Table 4

Statistical analysis of rcd for six groups of ceramic microspheres

Group Number of 

samples

Mean SD SV(%) IQR

1 8 0.0973375 0.0125035 12.85 0.0076525

2 10 0.128997 0.008676 6.73 0.011588

3 10 0.131589 0.010109 7.68 0.010165

4 10 0.151546 0.014351 9.47 0.021098

5 10 0.154950 0.010993 7.09 0.015302

6 10 0.183813 0.015243 8.29 0.015370

In contrast, a clear trend is observed across different 

microsphere size groups: both rcd and fracture load increase 

markedly with increasing diameter. This indicates that the fracture-

related mechanical performance of ceramic microspheres improves 
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as the diameter increases.

Fig. 7. Force–displacement curves from crushing tests of six groups of 

ceramic microspheres:

(a) Group 1, particle diameter: 0.1–0.2 mm;

(b) Group 2, particle diameter: 0.2–0.3 mm;
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(c) Group 3, particle diameter: 0.3–0.4 mm;

(d) Group 4, particle diameter: 0.4–0.6 mm;

(e) Group 5, particle diameter: 0.6–0.8 mm;

(f) Group 6, particle diameter: 0.8–1.0 mm.

For ceramic materials, fracture toughness is strongly influenced 

by defects. We therefore infer that, for spherical particles, the 

specific surface area (surface area-to-volume ratio) increases as the 

microsphere diameter decreases. As a result, smaller microspheres 

exhibit a higher specific surface area, and from a statistical 

perspective, a higher apparent defect number density per unit 

volume. This interpretation is based on geometric and statistical 

considerations rather than on direct quantification of defect 

populations. Under these conditions, the contribution of defects—

particularly surface defects—is effectively amplified. Consequently, 

during compressive loading, microspheres with smaller diameters 

are more prone to instability and are therefore more likely to 

undergo complete fracture.
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Fig. 8. Relationship between average fracture load and average maximum 

cross-sectional area of ZrO2 ceramic microspheres.

Fig. 9. Relationship between fracture load and diameter of ZrO2 ceramic 

microspheres.

Fig. 10. Relationship between rcd and diameter of ZrO2 ceramic 
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microspheres.

3 Numerical Simulation

3.1. Cohesive Elements

The energy dissipation behavior of cohesive elements in this 

study was modeled using both the cohesive crack model and the 

fictitious crack model. According to the underlying assumptions, the 

fracture surface is subjected to openings I , slidings II , and tearing 

tractionss III .A bilinear cohesive law is adopted, which assumes a 

linear traction–separation relationship prior to damage initiation. 

Initial stiffness values KI ,KII , and KIII  are defined for the opening, 

sliding, and tearing modes, respectively. Under certain loading 

conditions, the cohesive elements may fail due to excessive normal 

or shear traction. A representative mixed-mode traction–separation 

law is illustrated in Fig. 11. The damage initiation criterion is 

typically defined by the quadratic nominal stress criterion proposed 

by Ye et al. [29], and its mathematical expression is given as follows: 
2 2 2

1S S S
s s sI II III

I II III

ì ü ì ü ì ü+ + =í ý í ý í ý
î þ î þî þ

(1)

Here, denotes the Macaulay bracket, which ensures that 

compressive (negative) normal tractions do not contribute to 

damage at the cohesive interface. SI ， SII  and SIII  represent the 

nominal tractions at damage initiation in opening, sliding, and 

tearing modes, respectively. This criterion effectively captures 

damage initiation under Mode I, Mode II, Mode III, and mixed-mode 

fracture conditions. Once damage begins, the model transitions into 

the damage evolution phase, which is governed by a scalar damage 
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variable, D. This variable is defined as a function of the effective 

relative traction effs and the effective relative displacement md , and its 

evolution is described by the following expression:

max 0
max 0

max 0
( ) ,( )

f
m m m

m mf
m m m

D d d d d dd d d
-= ³- (2)

( ) ( ) ( )220 020 0
md dd dI I II I I+= + (3)

( ) ( ) ( )22 2f
m

ff fd dd dI I II I I+= + (4)

( ) ( ) ( )2 2max max m maxax 2
md dd dI III II += + (5)

Here, maxd denotes the maximum effective displacement attained 

during loading, 0d  represents the displacement at damage initiation, 

and fd corresponds to the displacement at complete failure. 

The evolution of the damage variable D results in the progressive 

degradation of stiffness and traction across all three fracture modes, 

ultimately leading to complete failure. 

( )1 ,   0
,              0
D K

K
d ds d d

I I I
I

I I I

ì - ³ï=í <ïî
(6)

(1 )D Ks dI I I I I I= - (7)

(1 )D Ks dI I I I I I I I I= - (8)
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Fig. 11. Schematic diagram of the traction–separation law.

According to the findings of de Oliveira [30], the combination of 

the Benzeggagh–Kenane (BK) failure criterion [23] with the 

quadratic stress initiation criterion yields smaller stiffness errors. 

Therefore, the BK failure criterion was adopted in this study.

BK criterion is：

( ) ( )max
c c c

h h
II

c I
III

II I IIIc I
c c

G GG G G G G GG G
æ ö æ ö= + - + -ç ÷ ç ÷è ø è ø

(9)

= + +I II IIIcG G G G (10)

Here, Gc denotes the total energy release rate, GI represents the 

energy release rate in the opening mode, while GII and GIII 

correspond to the energy release rates in the sliding and tearing 

modes, respectively. GIc, GIIc, and GIIIc refer to the critical fracture 

energies for the opening, sliding, and tearing modes, respectively. 

3.2. Construction of the Finite Element Model

A finite element model was developed to simulate the crushing 

behavior based on the experimental setup, ensuring consistency 

with the actual test conditions. The simulation focused on ceramic 

microspheres with diameters ranging from 0.8 mm to 1.0 mm, using 
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the average diameter of 0.86 mm as the representative modeling 

value. The upper indenter and lower support plate were simplified 

as two identical rectangular blocks, each measuring 0.9 mm × 0.9 

mm × 0.15 mm. 

To replicate the loading conditions observed in the experiment, 

the lower support plate was fully constrained, while the upper 

indenter was driven downward at a constant displacement of 0.3 mm, 

simulating the crushing process under quasi-static conditions.  

In terms of meshing, the upper and lower platens were 

discretized using C3D8R elements. To closely replicate the actual 

crushing process, the surface of the ceramic sphere was first 

partitioned using a Voronoi tessellation (also known as the Voronoi 

diagram).

The Voronoi tessellation exhibits three fundamental properties: 

each Voronoi cell contains exactly one discrete site; all points within 

a Voronoi cell are closest to its associated site and every point on the 

boundary between two cells is equidistant to the two adjacent sites. 

Based on the principles of Voronoi tessellation and practical 

experience in mesh generation, discrete seed points with an average 

spacing of 0.235 mm were distributed on the microsphere surface. A 

custom algorithm was employed to construct the corresponding 

Voronoi cells according to the spatial arrangement of these points, 

as illustrated in Fig. 12a. This tessellation approach enabled the 

mesh to be randomly distributed across the sphere's surface, as 

shown in Fig. 13a, rather than forming a regular pattern as in Fig. 

13b. Such randomization ensures that cohesive elements are 

uniformly and stochastically distributed, thereby enabling a high-

fidelity simulation of the fracture behavior of ceramic microspheres. 
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As shown in Figs. 14a and 14b, the mesh generated using Voronoi 

tessellation exhibits a more random and physically realistic fracture 

pattern, whereas the cracks produced by the default meshing 

approach appear highly artificial, with some even propagating 

vertically downward along the Z-axis.

Fig. 12. Numerical modeling of the ceramic microsphere: (a) Surface 

discretized by Voronoi tessellation; (b) Mesh generation; (c) Insertion of 

zero-thickness cohesive elements into the mesh.

Fig. 13. Mesh Generation Diagram for Numerical Simulation (a) Mesh of the 

microsphere after Voronoi partitioning; (b) Mesh of the microsphere 

generated using the default method.
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Fig. 14. Comparison of numerical crushing simulations: (a) mesh of the 

microsphere generated by Voronoi tessellation; (b) mesh of the microsphere 

generated by the default method.

After the surface of the microsphere was partitioned using 

Voronoi tessellation, the interior volume was discretized with C3D4 

elements (Fig. 12b), into which COH3D6 cohesive elements were 

embedded (Fig. 12c). Since the in-plane thickness of the COH3D6 

elements is zero, the geometry of the mesh remains unaffected. Each 

finite element is capable of undergoing localized deformation in 

response to nodal forces, and in regions where cracks initiate, the 

traction–separation law allows for both crack initiation and 

propagation. 

According to the findings of De Maio et al. [31], the density of 

cohesive elements has negligible influence on the global force–

displacement response, affecting only the detailed crack 

propagation path. To verify this conclusion, the force–displacement 

curves of two microsphere models were compared: one consisting of 

35,498 C3D4 elements and 69,025 COH3D6 elements, and another 

composed of 10,882 C3D4 elements with 31,886 embedded COH3D6 

elements. In addition, to evaluate whether the mesh density 

influences the force–displacement behavior under elastic contact, 

three purely elastic models with 1,849, 10,882, and 134,098 C3D4 

elements were analyzed and their force–displacement curves were 

compared. The detailed mesh configurations and element types are 

shown in Fig. 15a, and the corresponding results are presented in 

Fig. 15b. The results clearly indicate that the mesh density has a 

negligible effect on the force–displacement response of elastic 

bodies. Considering that an excessively coarse mesh may 

ACCEPTED MANUSCRIPT

ARTIC
LE

 IN
 PR

ES
S

ARTICLE IN PRESS



compromise crack-path accuracy, while an overly fine mesh 

substantially increases computational cost, a model comprising 

10,882 C3D4 elements and 31,886 COH3D6 elements was ultimately 

selected for subsequent simulations.

Fig. 15. Numerical simulations with different mesh densities: (a) finite 

element models; (b) corresponding force–displacement curves.

The parameters assigned to the mesh are listed in Tables 5–9. 

Among them, the data in Table 5 were derived from Table 1. The 

elastic modulus E of the zirconia solid elements was selected within 

the range reported in Table 1, while the Mode I fracture energy of 

the cohesive elements was determined based on linear elastic 
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fracture mechanics using the relationship between fracture 

toughness and fracture energy, GIc=(KIc)2/E. The relationships 

among the traction–separation laws under mixed-mode loading were 

adopted with reference to relevant literature [23,31]. The friction 

coefficient between the PCD plates and ZrO2 ceramic was set to 0.12, 

based on the experimental findings reported by Liao [12].

Table 5

Material Properties of PCD Solid Elements

Parameter Symbol Value

Density ρ(Kg/m3) 7890

Elastic Modulus E(GPa) 919

Poisson’s Ratio υ 0.09

Table 6

Material Properties of ZrO2 Solid Elements-1

Parameter Symbol Value

Density ρ(kg/m3) 5860

Elastic Modulus E(GPa) 224

Poisson’s Ratio υ 0.3

Table 7

Cohesive Element Parameters-1

Parameter Symbol Value

Normal stiffness KІ (N/mm2) 5×107

First shear stiffness KІІ (N/mm2) 5×107

Second shear stiffness KІІІ (N/mm2) 5×107

Tensile strength SІ (GPa) 2.307

First shear strength SІІ (GPa) 3.23

Second shear strength SІІІ (GPa) 3.23
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Mode I fracture energy GІ (N/mm) 0.2645

Mode II fracture energy GІІ (N/mm) 0.3703

Mode III fracture energy GІІІ (N/mm) 0.3703

Table 8

Material Properties of ZrO2 Solid Elements-2

Parameter Symbol Value

Density ρ(kg/m3) 5860

Elastic Modulus E(GPa) 210

Poisson’s Ratio υ 0.3

Table 9

Cohesive Element Parameters-2

Parameter Symbol Value

Normal stiffness KІ (N/mm2) 5×107

First shear stiffness KІІ (N/mm2) 5×107

Second shear stiffness KІІІ (N/mm2) 5×107

Tensile strength SІ (GPa) 1.702

First shear strength SІІ (GPa) 2.383

Second shear strength SІІІ (GPa) 2.383

Mode I fracture energy GІ (N/mm) 0.1449

Mode II fracture energy GІІ (N/mm) 0.2029

Mode III fracture energy GІІІ (N/mm) 0.2029

3.3. Results and Analysis

3.3.1. Analysis of Stress and Strain Distributions

Before the failure of the ceramic microsphere, a monotonically 

increasing uniaxial compressive load is applied as the PCD platen 

descends. Throughout this process, all deformation remains within 

the linear elastic regime. Therefore, a finite element simulation 

ACCEPTED MANUSCRIPT

ARTIC
LE

 IN
 PR

ES
S

ARTICLE IN PRESS



without cohesive elements, based on linear elasticity, can accurately 

capture the stress and strain distributions within the microsphere. 

Since strain concentration can lead to crack initiation, Fig. 16. 

and Fig. 17. present the maximum strain distribution captured from 

finite element simulations, as well as the strain distributions along 

both the horizontal direction (parallel to the compression plates) and 

the vertical direction (perpendicular to the plates) at various 

displacement stages. In these figures, red regions indicate strain 

concentrations caused by tensile stress, while blue regions indicate 

those induced by compressive stress. The maximum strain is clearly 

distributed along the vertical axis, with the highest compressive 

strain concentrated in the contact area between the compression 

plates and the microsphere, spreading inward toward the center. 

The maximum tensile strain appears along the horizontal axis near 

the edge of the sphere, which results from the elastic outward 

deformation of the sphere’s boundary due to the applied 

compressive force. In the horizontal direction, compressive strain 

concentrations mainly occur at the edge of the contact area with the 

plates. Tensile strain, on the other hand, is concentrated at the 

central region of the two hemispheres along the horizontal section. 

This is attributed to the vertical compression causing lateral 

expansion, generating significant horizontal tensile strain, primarily 

distributed along the vertical axis. In contrast, the vertical strain 

distribution is notably different. Compressive strain near the contact 

area exhibits a fan-shaped spread toward the sphere’s center. As the 

compression head continues to descend, tensile strain gradually 

shifts outward toward the microsphere's edge, decreasing as it 

approaches the vertical axis.
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Fig. 16. Distribution of maximum strain at different indenter displacements 

(l).

The distributions of principal stress across the maximum cross 

section and surface pressure of the ceramic microsphere are shown 

in Fig. 18. The cross-section perpendicular to the loading platen 

corresponds to the vertical plane, while the one parallel to the platen 

corresponds to the horizontal plane. In the vertical section, the 

internal stress resultant manifests as tensile stress acting outward 

and perpendicular to the cross-sectional surface, while the 

externally applied load induces axial compressive stress. At 

relatively low loads, the internal stress within the ceramic sphere 

remains minimal, with slightly elevated stress appearing beneath the 

contact region. As the load increases monotonically, the stresses 

near the contact region become significantly higher than those 

inside the sphere, while the internal stress field remains relatively 

uniform. Moreover, due to the elevated internal stress, once an 

initial crack appears, it rapidly propagates throughout the 
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microsphere, leading to catastrophic failure.

Fig. 17. Strain distribution in horizontal and vertical directions at different 

indenter displacements (l).
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Fig. 18. Stress distribution at different indenter displacements (l).

3.3.2. Analysis and Discussion of the Crushing Process

For brittle materials, the presence of local defects such as pores, 

pre-existing cracks, or nonuniform grain boundaries leads to stress 

concentration and the formation of crack tips, which induce localized 

tensile stresses. Under high compressive loads, the material tends 

to develop microcracks along planes of maximum shear stress, 

resulting in crushing failure. Unlike metals, brittle materials cannot 

relieve stress through dislocation motion and are extremely sensitive 

to microdefects. Once local instability occurs, cracks propagate 

rapidly, leading to catastrophic fragmentation. Specifically, for the 

zirconia microspheres investigated in this study, the internal stress 

analysis presented in the previous section indicates that the initial 

cracks originate near regions subjected to high contact stresses. 

Once crack initiation occurs, the compressive stresses within the 

microsphere drive rapid crack propagation, ultimately causing 

complete failure of the particle.
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Cohesive elements are well-suited for simulating the fracture 

processes of brittle and quasi-brittle materials. The corresponding 

simulation results are shown in Fig. 19, where the brown regions in 

Fig. 19a represent cohesive elements that have fully failed. Within 

the initial 95% of the total fracture displacement, no damage is 

observed within the ceramic microsphere. At approximately 95.7% 

of the fracture displacement (Point 2), the first micro-crack initiates. 

During the final 0.5% increment in displacement (Point 3), the 

cohesive elements surrounding the microcrack experienced 

complete damage, leading to internal structural instability. This 

instability caused the crack to rapidly propagate through the entire 

microsphere, resulting in complete fracture and a sharp drop in the 

force–displacement curve. The location of the first crack initiation 

within the cohesive zone precisely corresponds to the region of 

maximum stress and strain overlap, which is consistent with widely 

accepted failure criteria. As the loading platen continues to displace, 

more cohesive elements reach their critical damage thresholds, 

triggering a rapid and unstable crack propagation through the entire 

sphere. This results in the complete collapse of the microsphere, as 

indicated by the abrupt decline in the force–displacement response, 

consistent with the experimental observations.

The fracture energies GI, GII, and GIII defined in the cohesive 

elements represent the mode I, mode II, and mode III fracture 

energies of the material, respectively, i.e., GIc, GIIc, and GIIIc. When 

combined with the material properties of the bulk solid elements, a 

reasonable fracture toughness KIc can be obtained. As shown in Fig. 

19, the simulated force–displacement curves based on the material 

properties are compared with an experimental result. The 
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parameters listed in Tables 6-9 yield simulated curves that 

accurately capture both the fracture load and fracture displacement 

of experimental curves 6–4 and 6-9. This demonstrates that 

incorporating cohesive elements into the finite element model can 

effectively reproduce the entire flat-plate crushing process. With 

appropriate tuning of material parameters, the simulation can 

achieve fracture displacement and fracture load values that closely 

match those observed in the experiment. Because the two force–

displacement curves nearly overlap prior to fracture and the 

corresponding microspheres have almost identical diameters, the 

elastic moduli of microspheres 6-4 and 6-9 are expected to be similar. 

However, numerical simulations cannot fully capture the elastic 

deformation of the microspheres, and the experimental specimens 

are not perfect spheres. These factors lead to slightly higher 

measured loads in the experiments than those predicted by the 

simulations at the same displacement. Based on the data 

summarized in Tables 1, 6, and 8, the present method yields an error 

of approximately 5% in the prediction of the elastic modulus.

By substituting the simulated elastic modulus and fracture 

energy into the fracture toughness equation：

Ic IcK G E= g (11)

the values of the two microspheres were calculated to be 5.516 

MPa·m0.5 and 7.633 MPa·m0.5, respectively. Considering that curves 

6-4 and 6-9 correspond to the minimum and maximum fracture loads 

among the experimental force–displacement results, the calculated 

values show good agreement with the data reported in Section 2.1 

(5.2–8.1 MPa·m0.5). Therefore, by calibrating the parameters in the 

numerical simulation, the simulated force–displacement curves can 

ACCEPTED MANUSCRIPT

ARTIC
LE

 IN
 PR

ES
S

ARTICLE IN PRESS



be effectively matched with the experimental ones, enabling a 

reasonable estimation of the mechanical properties of the ceramic 

microspheres.

Fig. 19. Damage evolution of the microsphere during indenter displacement: 

(a) internal damage state; (b) corresponding force–displacement curve.

Compared with conventional methods such as the C-sphere 

method, the notched ball method, and the ball-on-three-balls (B3B) 

test, the proposed approach imposes a certain requirement on the 

sphericity of ceramic particles; therefore, when the sample 

sphericity is insufficient, the applicability of the method is limited. 

In addition, because polycrystalline diamond is not suitable for high-

temperature environments, the present approach cannot be used to 

characterize the mechanical properties of ceramic microspheres at 
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elevated temperatures. However, under non-high-temperature 

conditions, preparing standard test specimens for conventional 

methods is considerably more cumbersome, especially when the 

small size range of ceramic microspheres is taken into account. 

Obtaining qualified specimens and conducting reliable experiments 

therefore become much more challenging. Moreover, the large 

scatter commonly observed in the fracture toughness of ceramics 

further increases the difficulty of determining the mechanical 

properties of ceramic microspheres using traditional approaches. In 

contrast, for ceramic microspheres with sufficiently high sphericity, 

the proposed method is simple and efficient. During the 

experimental stage, in situ measurements can be performed directly 

on individual microspheres, allowing rapid and accurate acquisition 

of force–displacement curves. With respect to mechanical property 

evaluation, relatively accurate parameters such as elastic modulus 

and fracture toughness can be obtained by calibrating the force–

displacement response. Furthermore, the present method can be 

extended by incorporating deep learning techniques to analyze 

crushing force–displacement curves of ceramic microspheres with 

different materials and sizes, thereby enabling a rapid and 

convenient determination of their mechanical properties.

In summary, the use of PCD platens in the flat-plate crushing test 

effectively overcomes the limitations of conventional setups in 

evaluating high-hardness ceramic spheres, enabling reliable 

experimental results. Meanwhile, the numerical model incorporating 

global cohesive zone elements accurately simulates the fracture 

process of ceramic microspheres under PCD platen loading. The 

simulated force–displacement curves exhibit strong agreement with 
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experimental data, demonstrating that, by calibrating the model 

parameters, the mechanical properties of ceramic microspheres can 

be reasonably estimated through simulation.

4. Conclusions

This study proposes a new methodology for investigating the 

crushing mechanics of ceramic microspheres by combining an 

improved flat-plate crushing test with numerical simulations based 

on global cohesive zone elements. This approach provides a new 

perspective for evaluating the mechanical properties of ceramic 

microspheres, which are widely used but currently lack established 

experimental methods or predictive models. A dedicated 

experimental system was designed and constructed specifically for 

ceramic microspheres. By utilizing the extremely high hardness, 

isotropy, and ultra-low surface roughness of cost-effective PCD, the 

limitations of conventional flat-plate crushing tests—particularly the 

inaccuracy caused by insufficient indenter performance—were 

successfully addressed. The PCD platens transformed complex 

elastic–plastic contact problems into elastic–elastic contact. The 

advantages of PCD platens over traditional tungsten carbide platens 

were verified using zirconia ceramic spheres with a diameter of 

approximately 9 mm. Subsequently, this high-precision system 

enabled the accurate acquisition of force–displacement curves for 

sub-millimeter zirconia microspheres. Experimental results 

indicated that the fracture resistance of the zirconia microspheres 

increases with particle diameter. Based on the experimental setup, 

the brittle crushing process of ceramic microspheres was simulated 

using a Voronoi-based meshing strategy and global cohesive zone 

elements governed by a bilinear traction–separation law. The stress 
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and strain distributions during the crushing process were analyzed, 

and the critical failure zones were identified. Finally, the crushing 

force–displacement curves obtained from the numerical model were 

consistent with experimental data, allowing for the reliable 

determination of elastic modulus and fracture toughness of the 

ceramic microspheres.
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