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A B S T R A C T

The objective of this paper was to improve the accuracy of semi-empirical method used to design ceramic cutting
tool materials. The mechanical properties were predicted by employing finite element model of material mi-
crostructure, so as to design microstructure and prepare new ceramic materials. Based on the Voronoi and
randomness method, the microstructure model representing the complexity and randomness of micro-nano-
composite ceramic material microstructure was established. Combining the representative volume element
(RVE) of ceramic material microstructure with mechanical tests, the simulations of mechanical tests were
conducted to acquire the flexure strength, fracture toughness and hardness of materials. The microstructure
models with various parameters were designed and the material properties were predicted to determine the
optimal microstructure parameters. Then, The ceramic cutting tool materials possessing the optimal micro-
structure parameters were developed for machining ultra-high strength steels. The results showed that the
mechanical properties of ceramic materials first improved and then declined as the nano-scale TiC volume
fraction increased. To obtain the best comprehensive mechanical properties, the contents of micro-scale TiN, TiC
and nano-scale TiC were set as 20%, 10% and 10%, respectively. The prepared ceramic materials possessed the
flexure strength of 881.4 MPa, the fracture toughness of 7.8 MPa m1/2, and the Vickers hardness of 20.8 GPa.
This research is beneficial to the development of cutting tool design theory and the improvement of the tool life.

1. Introduction

The requirement of difficult-to-cut materials, such as the superalloy,
the quenched steel and the ultra-high-strength steel, are increasing gra-
dually with the development of the aerospace, energy, chemical en-
gineering, and automobile and so on. The demand for the cutting tool
materials possessing high performance also grows. Due to the high hard-
ness, excellent wear resistance, ceramic cutting tools are the ideal choices
for high speed cutting of the difficult-to-cut materials at high speeds [1].
The methods for designing the ceramic tool materials are usually empirical
or semiempirical. However, these methods have some disadvantages such
as long design time, low efficiency and high cost. It is important to explore
new design theory and methods for ceramic tool materials.

The main simulation methods for the microstructure of composite
materials are the Phase Field, the Monte Carlo, the Cellular Automata
and the Voronoi. The Phase Field method is used to directly simulate
the formation process of microstructure, the solidification process and
the texture transformation of the alloys [2,3]. The Monte Carlo method

is proposed based on the combination of mathematic statistic and
computer [4,5]. Potts model is the commonly model used in Monte
Carlo method. The Potts model used for the simulation of the grain
growth needs to be further investigated because of the low efficiency
[6]. The Cellular Automata method is a kind of discrete dynamic system
in time and space and has been widely used in the field of materials
science because of the specific time and space discreteness and the lo-
cality of the rules [7–9]. The Voronoi diagram, as a general geometric
structure, was widely used in the fields of the geography, the as-
tronomy, the physics, the materials science, the biology and so on
[10,11]. Utilizing the Voronoi method, Ghosh et al. [12] simulated the
multiphase materials and the cellular materials microstructures. The
strain – stress analysis was conducted by means of this simulated mi-
crostructure. The damage process was investigated by Liu et al. [13]
using the characterization of the multiphase materials microstructure
with the Voronoi diagram. Bolander et al. [14] constructed the rigid
spring network to simulate the brittle fracture of the concrete materials
on the basis of the Voronoi diagram.
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An ideal cutting tool material should have repeatable and pre-
dictable material properties. The research of the relationship between
macro properties and microstructure has already become a focus. The
main mechanical properties prediction methods are the empirical
method and the finite element method (FEM) [15–19]. The empirical
method has some limitations owning to its relatively low prediction
precision. It is incapable of predicting the materials properties, espe-
cially for heterogeneous materials with complicated microstructure.
However, the FEM method can avoid these limitations. The general
steps are the construction of material microstructure, the determination
of a reasonable RVE, the FEM simulation of the micro mechanics re-
sponse on the RVE, and the calculation of the macro properties of
material. It was reported by Sukumar et al. [15] that the crack propa-
gation was simulated using the extended finite element method for the
polycrystalline materials. Employing the cohesive element method, Xu
et al. [16] investigated the crack propagation of the brittle materials.
Based on the constructed microstructure model, Zhou et al. [17] si-
mulated the crack propagation of ceramic materials. Wang et al. [18]
constructed the microstructure model and predicted the flexure
strength and fracture toughness of ceramic materials.

The computation design of materials is the prediction of new ma-
terial properties using the theory and the calculation method, which is
the customization of new materials with the specific properties via the
theoretical design [20]. The commonly used method for ceramic tool
material design is the semi-empirical method, meaning preparing de-
sired cutting tool material according to the previous experience and
then measuring the material properties to determine whether they met
the requirement. This method needs a larger number of experiments
and a higher cost because of the blindness of design process. But in the
computation design process of ceramic cutting tool materials, the mi-
crostructures of material were designed directly based on the require-
ment of cutting tool materials for high-speed machining. Then the
macro properties of material including the elastic modulus, the flexure
strength, fracture toughness and hardness were calculated using the
finite element simulations. Finally the satisfactory material was pre-
pared on the basis of the optimal result. So this method can avoid the
disadvantages of the commonly used ceramic material design method.
Although the materials computation design has become the hot topic of
materials science and engineering [21,22], researches on materials
computation design were scant for the ceramic materials.

In conclusion, many investigations have been conducted in the fields of
the microstructure modeling, property prediction and ceramic materials
design. However, the blindness existing in the ceramic materials design
process has not been resolved. To eliminate this problem, the micro-
structure design and preparation of micro-nano-composite ceramic tool
materials based on properties prediction was proposed in this paper. The
random method and Voronoi diagram were used to construct the micro-
structure model of ceramic materials. Then, the flexure strength, fracture
toughness and hardness of material were predicted using simulation of
mechanical tests on the constructed microstructure model. The optimal
microstructure parameters were determined on the basis of the optimal
comprehensive mechanical properties. Finally, the hot-pressing sintering
method was utilized to prepare the cutting tool materials. The present
research can provide new method for ceramic tool materials design, and
this method can be used to shorten the cutting tool design period and
reduce the cost. It is important for the development and enrichment of the
cutting tool design theory.

2. Microstructure modeling of micro-nano-composite ceramic tool
materials

2.1. Modeling methodology

2.1.1. Voronoi diagram
The Voronoi diagram is an important geometric structure of the

Laguerre Geometric. In the Voronoi diagram, a given space is divided

into N cells with independent seed points. The cells are points sets, and
the distances between these points and the seed point of this cell are
shorter than those of other seed points. The incremental method is
usually used for constructing the Voronoi diagram. The new seed points
were added into the constructed Voronoi diagram gradually. Then the
new cell was generated based on the definition of Voronoi diagram. The
new Voronoi diagram was constructed using the local modification.

2.1.2. Random method
The random method was proposed to control the parameters of

model based on the random function. In this paper, the microstructure
parameters in ceramic materials were simulated by using the random
method. These parameters included the grain diameter, the grain cen-
triod and the distribution of those parameters. The random function
was utilized to control the generation of the irregular quadrangles and
the X and Y coordinates distribution of those quadrangles for molding
the grain diameter and grain centriod, respectively.

2.2. Construction of ceramic materials microstructure model

Firstly, the random function was utilized to generate the seed
points. X and Y coordinates of those points followed the uniform
function. Then, the corresponding Voronoi diagram was constructed.
The various regions of this Voronoi diagram represented different
grains of ceramic tool materials. As the seed points were added, more
grains were generated and the average diameter of grains became
smaller. When the average diameter of grains reached the designed
value, the matrix phases of ceramic tool materials were constructed.
Then the random function was utilized to generate a series of quad-
rangles which were placed into the matrix phase. The overlap regions
generated in the placing process were recomposed using the Boolean
operation. When the area of the added quadrangles reached the de-
signed value, the secondary phases of ceramic tool materials were
constructed. Finally, a series of circles were generated and added into
the constructed microstructure model. These generated circles re-
presented nano-particles of ceramic materials. The constructed micro-
structure model of ceramic tool materials was showed in Fig. 1. Fig. 2
shows the flowchart of ceramic material microstructure modeling.

3. Properties prediction of micro-nano-composite ceramic
materials

3.1. Flexure strength prediction using finite element simulation

The constructed microstructure model was imported into the soft-
ware Abaqus for finite element analysis. The three-point bending test of
ceramic tool materials was simulated to predict the flexure strength. In
Fig. 3, the length and height of finite element model were 20 µm and
3 µm, respectively. The load was applied on the middle of finite element
model at a 0.5 mm/min velocity. The finite element model was meshed
using the four-node bilinear plane stress quadrilateral element. All the
model boundaries were considered as the free boundaries. The com-
pressive behavior of the ceramic tool materials was supposed to be
linear elasticity. The GFІ (Mode I fracture energy) was chosen as the
cracking criterion in the simulation considering the brittle crack of the
grains of ceramic tool materials.

The load-displacement results can be obtained from the finite ele-
ment simulations. The flexural strength of ceramic materials can be
calculated using Eq. (1).

=σ PL
bh

3
2f 2 (1)

where σf is the flexure strength of the ceramic materials. P is the
maximum load on the finite element model. L, b and h are the length,
width and height of the finite element model, respectively.
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