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Abstract: Based on finite element simulation analysis, laminated ceramic tool materials with different
structures were designed and the effect of laminated structure on tool state was investigated. Residual
stresses in ceramic tool materials increase with the number of layers and layer–thickness ratio.
Based on the simulation results, SiAlON-SiC-SiCw/SiAlON-Al2O3 ceramic tool materials (SCWAs)
were prepared using the spark plasma sintering process, and the influence of residual stress on
the mechanical properties and microstructure of laminated ceramic tool materials was studied.
The mechanical properties of ceramic materials were significantly improved under the effect of
residual stresses. The fracture toughness of SCWA4 with 7 layers and a layer–thickness ratio of
6 was 6.02 ± 0.19 MPa·m1/2, and the front and side flexural strengths were 602 ± 19 MPa and
595 ± 17 MPa, 36.3% and 39.0% higher than homogeneous SiAlON ceramics, respectively.

Keywords: spark plasma sintering; microstructure; mechanical properties; laminated ceramic tool
material

1. Introduction

In recent years, the application of ceramic cutting tools has made great progress.
Compared to traditional cemented carbide, high-speed steel and other cutting tool materials,
ceramic cutting tools show excellent performance, with properties such as good wear, heat
resistance and strong chemical stability. However, brittleness is still a significant defect
of ceramic cutting tools, greatly limiting their development and application [1]. In order
to improve the toughness of ceramic tool materials, scientists have developed laminated
ceramic tool materials [2,3]. Based on the composite structure, a soft layer is inserted in the
middle of a harder ceramic. Excess energy can be fully absorbed to enhance the mechanical
properties of the material, thus achieving the effect of toughening and strengthening. This
is the basic principle of laminated ceramic tools.

Differences in the coefficients of thermal expansion of the raw materials and differences
in average particle size of the different layers are particularly important for the mechanical
properties of laminated ceramic materials. A larger layer number and thickness ratio can
increase the residual stress between layers [4]. Hadraba [5] developed Al2O3/ZrO2/BaTiO3-
stacked ceramic cutting tool materials. Their results showed that residual stresses are
effective in improving fracture toughness. Li [6] prepared laminated ZrB2-SiC/SiCw
ceramic materials. Fracture toughness was substantially improved to 14.5 MPa·m1/2. Liu [7]
prepared laminated Al2O3-ZrB2-MgO/Al2O3-TiN-MgO (AZTM) ceramic composites. Their
fracture toughnesses were significantly improved compared to normal Al2O3-TiN ceramic
tool materials. Micro and macro crack deflection and crack bifurcation favored fracture
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toughness improvement. Cracks change their propagation direction when they encounter
interlayer interfaces, resulting in crack deflection and consumption of the energy required
for crack propagation. The energy dissipation mechanism enables laminated ceramic
materials to have better toughness than ordinary ceramic materials [8]. The multi-scale
deformation of cracks along the interface layer and the residual stress in the materials
significantly help to improve fracture toughness. Adding some special components to the
intermediate layer and surface layer can achieve different reinforcement effects. Wang
et al. [9] improved flexural strength by adding ZrB2 particles to the intermediate layer. Cui
et al. [10] significantly reduced the friction coefficient and improved the wear resistance
of laminated ceramic tools by adding graphene. Chen [11] designed a laminated ceramic
cutting tool based on a finite element model. Through the dual effect of graphene and
residual compressive stress on the surface, crack deflection, crack bifurcation and bridging
toughening were generated. The fracture mode changed from transgranular fracture to a
combination of intergranular fracture and transgranular fracture, enhancing the mechanical
properties of the tool.

SiAlON ceramics have better sintering properties than Si3N4 ceramics, providing more
possibilities for the development of Si3N4 materials [12]. Adding a reinforcement phase
can improve one or more properties while maintaining other excellent properties. Liu [13]
prepared a novel Al2O3 ceramic tool material. The mechanical properties of Al2O3 ceramic
tools were greatly improved by toughening with SiC whiskers and nanoparticles. Sun [14]
prepared nanolaminated WC/ZrO2/Al2O3/GNPs ceramic materials. It was found that
graphene could not only improve breaking toughness, but its synergistic effect with the
laminated structure was also an important reason for enhancing its mechanical properties.
The addition of SiC [15] and SiC whiskers [16] can both enhance the mechanical properties
of ceramic materials and help to improve the densification of some ceramic materials.
Dong [17] investigated the role of different sizes of SiC particles on Al2O3 ceramic materials.
It was found that Al2O3/SiC ceramic materials display a trans-lattice fracture phenomenon.
The addition of large SiC particles optimized its Vickers hardness remarkably. This was
mainly due to the occurrence of crack deflection. Khan [18] prepared α-SiAlON/SiC
ceramic materials. Their mechanical properties were found to be substantially improved
compared to those of homogeneous α-SiAlON. This was mainly due to crack deflection,
crack bridging and grain pullout induced by SiC particles. In preceding studies, we studied
the effect of SiC and SiC whiskers on the mechanical properties of SiAlON ceramics. The
addition of SiC can appropriately improve the Vickers hardness of ceramic materials.
The addition of SiC whiskers can appropriately enhance fracture toughness but reduces
Vickers hardness. The mechanical properties of SiAlON/SiC/SiCw ceramic materials were
optimized when 20% SiC and 10% SiC whiskers were added.

Finite element analysis is a powerful numerical computing technique. It divides
complex structures into small, simple units and applies mathematical models to simulate
their behaviors and performances under different loads [19–21]. The method is widely used
in engineering design to predict various physical phenomena such as structural strength,
deformation and temperature distribution. This optimizes product design, reduces costs
and ensures safety and reliability. Wang [22] established a model to analyze the self-healing
behavior of ceramic materials. The model could not only describe the isotropic damage
process under specific boundary conditions, but could also describe the self-healing process
under high temperatures. Zhang [23] studied the effect of TiC on residual stresses in AMB
ceramic substrates. It was found that, due to the high hardness of TiC, most of the stress
concentration occurred around the TiC particles.

In this study, a finite element model of a laminated SiAlON ceramic cutting tool mate-
rial was developed to investigate the effect of a laminated structure on its residual stress.
Then, laminated SiAlON ceramic cutting tool materials were experimentally prepared to
investigate the role of residual stress. The toughening mechanism of the laminated SiAlON
ceramic tool materials was also analyzed.
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2. Experimental Materials and Methods
2.1. Generation of Residual Stress

Different ceramic materials have different coefficients of thermal expansion, and their
deformation and stress are different when the temperature changes. For a three-layer
ceramic material, the coefficient of thermal expansion of the surface ceramic material is
small, while that of the matrix ceramic material is large [24]. When cooling from a high
temperature to a normal temperature, each layer of the material will shrink to different
degrees during the cooling process. However, in laminated ceramic materials, the layers
are bound to each other. As a result, the stress generated during cooling cannot be released,
resulting in residual stress [25]. The surface layer with a low thermal expansion coefficient
produces residual compressive stress, while the matrix layer produces residual tensile stress.

2.2. Finite Element Model

In this study, SiAlON/SiC/SiCw (SCW, where SiAlON is silicon aluminum oxynitride
and SiCw is the SiC whisker) was selected as the surface layer, and SiAlON/Al2O3 (SA)
was selected as the matrix layer. The SCW and SA layers were combined in alternating
stacks. Table 1 shows the purities, average particle sizes and source of the powders used in
this investigation. The detailed components of the SCW layer and SA layer materials are
shown in Table 2. Figure 1 shows a structure diagram of the laminated SiAlON ceramic
materials (SCWAs) when the number of layers is 5 and the layer thickness ratio is 6.

Table 1. Details of raw material powders.

Powder Purity (%) Average Particle Size (µm) Supplier

Si3N4 99.9 0.5

Shanghai CW-Nano Science &
Technology Co., Ltd., Shanghai, China

Al2O3 99.9 0.2
AlN 99.9 0.5
Y2O3 99.9 0.5
SiC 99.9 0.5

SiCw 99.9 D0.5, L10

Table 2. Compositions of the SCW layer and SA layer.

Materials
Composition (wt%)

Si3N4 Al2O3 AlN Y2O3 SiC SiCw

SCW SiAlON/SiC/SiCw 50.99 1.79 11.62 6.6 20 9
SA SiAlON/Al2O3 66.09 10.33 14.99 8.59 0 0

Figure 1. Schematic of SCWAs.

Table 3 lists the physical property parameters of various kinds of raw materials.
Assuming that these materials are homogeneous and isotropic linear elastic materials, the
parameters of various kinds of ceramic components can be calculated using the mixing
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rule [11,26]. For the binary composite consisting of two components (denoted as material
A and material B), if the volume fraction of material B is fB, the formula for calculating the
parameters of the binary composite is as follows:

Table 3. Physical properties of the raw materials.

Materials
Thermal Expansion

Coefficient
α (10−6·K−1)

Elastic
Modulus (GPa)

Poisson’s
Ratio (ν)

Thermal
Conductivityλ
(W·m−1·K−1)

Si3N4 2.75 372 0.24 20
Al2O3 8.5 380 0.26 40.37
AlN 4.5 320 0.26 20
Y2O3 5.8 220 0.28 27
SiC 4.5 440 0.14 44

SiCw 4.35 440 0.17 45

Thermal expansion

α* = αA +
fB(αB − αA)

12KAGA
3KA+4GA

(
fB

KA
+ 1

4GA
+ 1− fB

3KB

) (1)

Thermal conductivity

λ∗ = λA

1 + 2 fB
1− λA

λB

1+ 2λA
λB

1 − fB
1− λA

λB

1+ λA
λB

(2)

Elastic modulus
E∗ =

9K∗G∗

3K∗+G∗ (3)

Poisson’s ratio

v* =
3K∗ − 2G∗

2(3K∗+G∗)
(4)

Equivalent bulk modulus

K∗ = KA

[
1 +

fB(KB − KA)

KA + a(1 − fB)(KB − KA)

]
(5)

Equivalent shear modulus

G∗ = GA

[
1 +

fB(GB − GA)

GA + a(1 − fB)(GB − GA)

]
(6)

where KA = EA
3(1−2νA)

, KB = EB
3(1−2νB)

, GA = EA
2(1+νA)

, GB = EB
2(1+νB)

, a = 1
3

1+νA
1−νA

, b = 2
15

4−5νA
1−νA

.
fB is the volume content of material B, α is the coefficient of thermal expansion, λ is the
thermal conductivity, E is the modulus of elasticity, ν is the Poisson’s ratio, K∗ is the
equivalent bulk modulus, G∗ is the equivalent shear modulus, K is the bulk modulus, G
is the shear modulus, νA and νB are the Poisson’s ratios of material a and the material b,
respectively, and a and b are the factors.

For ternary composite materials, a separate calculation method can be used. First, the
physical property parameters of any two components in the material can be calculated
using the above formula. Then, the two components are regarded as a new whole material
A. The remaining third phase material is regarded as material B. Finally, the calculations
are performed using the above equation. Table 4 shows the physical property parameters
of the SCW layer and SA layer.
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Table 4. Physical properties of the SCW layer and SA layer.

Materials
Thermal Expansion

Coefficient
α (10−6·K−1)

Elastic
Modulus (GPa)

Poisson’s
Ratio (ν)

Thermal
Conductivityλ
(W·m−1·K−1)

SCW 3.57 375 0.22 26.15
SA 3.67 355 0.25 21.96

In order to avoid the coupling of stresses [27], laminated ceramic materials are de-
signed in a symmetrical structure. The main objective of this study is to determine how the
number of layers (n) and the layer thickness ratio (D) affect the residual stress distribution in
SCWAs. In this study, the total layer thickness of the tool was set as 5 mm and the diameter
as 30 mm. Table 5 shows the corresponding relationship between the finite element model
of SCWAs and different laminated constructions, where the layer thickness ratio refers to
the proportional relationship between the thickness of the SA layer and the SCW layer; that
is, D = h2/h1.

Table 5. Details of structures of SCWAs.

Materials Laminated Structures SA/SCW Thickness Ratio (D) Number of Layer (n)

SCWA1 SCW + SA + SCW + SA + SCW + SA + SCW 8 7
SCWA2 SCW + SA + SCW 6 3
SCWA3 SCW + SA + SCW + SA + SCW 6 5
SCWA4 SCW + SA + SCW + SA + SCW + SA + SCW 6 7
SCWA5 SCW + SA + SCW + SA + SCW + SA + SCW + SA + SCW 6 9
SCWA6 SCW + SA + SCW + SA + SCW + SA + SCW 4 7
SCWA7 SCW + SA + SCW + SA + SCW + SA + SCW 2 7

The residual stresses generated when the laminated SiAlON ceramic was cooled from
its sintering temperature (1700 ◦C) to room temperature (25 ◦C) were simulated using
ANSYS 2020R2 software for the efficient calculation of residual stresses. Based on the
axisymmetric structure and temperature loads shown in Figure 1, the 1/4 model shown in
Figure 2 was built and meshed. Figure 3 shows a flow chart of the finite element analysis.
In order to benefit from the calculations using the ANSYS software, we assumed that
some physical properties of the SA and SCW are as follows: (a) their physical parameters
maintain constant values and are isotropic; (b) their heat transfers during cooling are
convective heat transfer; and (c) their layers are flat and homogeneous, and they undergo
only elastic deformation.

Figure 2. The finite element model: (a) the finite element model of SCWA4, (b) the finite element
meshing diagram of SCWA4.
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Figure 3. Flow chart of finite element analysis of residual stress of SCWAs.

2.3. Experimental Procedure

The powder of each raw material was added to anhydrous ethanol solution with
polyethylene glycol (PEG) separately and dispersed by ultrasonication, where the ultra-
sonication time was 5 min and the content of PEG was 1%–2% of the mass of the ceramic
powder. The fully dispersed solution of each powder was mixed and further ultrasonicated
for 0.5 h to ensure that the various components of the mixture were uniformly dispersed.
The dispersed solution and Al2O3 ceramic balls (where the balls/powder ratio is 3/1 and
ball diameter is 6 mm) were placed in a ball milling tank and nitrogen was added. The
jars were then placed in ball-milling equipment and ball-milled continuously for 48 h.
After drying, the dried powder was sieved through a 100-mesh sieve to obtain the ceramic
powder. The ceramic material powder was alternately pressed into the graphite mold. After
all the powder was placed into the mold, it was then placed into the Japanese SPS-625HF
spark plasma sintering furnace for sintering. The sintering temperature was 1700 ◦C, the
sintering pressure was 30 MPa, and the holding time was 10 min. The heating rate was
100 ◦C/min up to 1350 ◦C, and 50 ◦C/min between 1350 ◦C and 1700 ◦C. After sintering
was completed, the sintered samples were naturally cooled to room temperature. The
mechanical properties were tested and the microstructures analyzed.

2.4. Characterization

Because the flexural strengths of SCWAs are anisotropic, they should be measured
in two different directions. After sintering, the ceramic materials were machined into a
strip shape of 3 mm × 4 mm × 25 mm to characterize their mechanical properties. The test
method of mechanical properties is shown in Figure 4.

Figure 4. Schematic diagram of the testing method for the mechanical properties of SCWAs.
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The flexural strength of ceramic tool materials was measured using the three-point
bending method, and the experimental apparatus used was an electronic universal testing
machine (AGS-X5KN, SHIMADZU, Kyoto, Japan). The calculation formula was as follows:

σf =
3PL
2bh2 (7)

The Vickers hardnesses and fracture toughnesses of the ceramic tool materials were
measured using a Vickers hardness tester (HVS-30ZC/LED, Aolong, Shenzhen, China).
They were calculated from Equations (8) and (9), respectively. The indentation and cracks
were obtained by holding the pressure at 196 N for 15 s, where P is the pressure (N) used
during the experiment, 2a is the arithmetic mean of the diagonal d1, d2 of the indentation,
and c is the arithmetic mean of the crack length.

Hv =
1.8544P

(2a)2 (8)

KIC = 0.203Hva
1
2

( c
a

)− 3
2 (9)

The micromorphologies and macromorphologies of the ceramic materials were ob-
served using an ultra-depth 3D viewing microscopic system (VHX-5000, KEYENCE, Wuxi,
China) and scanning electron microscopy (SEM, FEI QUANTA, ZEISS, Oberkochen, Ger-
many). Elemental analysis was performed using an energy dispersive spectrometer (EDS,
Xflash6160, Bruker, Saarbrucken, Germany).

3. Results and Discussion
3.1. Finite Element Simulation Analysis

Figure 5 shows the radial residual stress distribution cloud of SCWAs formed during
cooling. D is the number of layers and n is the layer thickness ratio. From the Figure, it can
be seen that the radial residual stress presents a symmetrical distribution feature, and the
tensile stress layer and the compressive stress layer show a regular alternating arrangement.
The radial residual stress distribution in most areas of the Figure is relatively uniform. The
stress state inside the material is relatively stable, and the stress difference in each part is
small. In the boundary region, the stress distribution is uneven and the gradient is large.

Figure 5. Cont.
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Figure 5. Radial stress distribution: (a) SCWA1, (b) SCWA2, (c) SCWA3, (d) SCWA4, (e) SCWA5,
(f) SCWA6, (g) SCWA7.

Figure 6 shows the maximum radial stress of SCWA ceramic cutting tool materials
with different laminated structures. As can be seen from Figure 6a, the maximum radial
tensile stress shows a decreasing trend with an increase of the number of layers, but the
decreasing trend is not significant. When the number of layers is 3, the stress value reaches
79.76 MPa, and when there are 9 layers, it decreases to 76.93 MPa. In contrast to tensile
stress, the maximum radial compressive stress shows an increasing trend with an increase
of the number of layers, but its growth rate gradually tends to be flat [28]. When the number
of layers is 3, the value of the maximum radial compressive stress is 124.12 MPa. When
the number of layers is 9, it increases to 143.96 MPa. From Figure 6b, the residual stresses
are 84.82 MPa and −111.24 MPa for a layer thickness ratio of 2. The residual stresses are
75.33 MPa and −145.39 MPa for a layer thickness ratio of 8.

(a) (b)

Figure 6. Relation of maximum radial stress to the number of layers and layer thickness ratio: (a) layer
number, (b) layer thickness ratio.

Because the surface layer makes direct contact with the workpiece, it is subjected to
higher cutting forces and plays an important role in cutting performance. Therefore, an
in-depth analysis was conducted on the surface layer residual stress state. As can be seen
in Figure 7, in the middle part of the ceramic material, the residual stress distribution was
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uniform. In its boundary part, residual stresses formed a large stress gradient. Therefore,
the middle part of the material should be selected when making laminated ceramic tools.

Figure 7. Relation between layer number, layer thickness ratio and surface residual stress along the
radius direction: (a) layer number, (b) layer thickness ratio.

Figure 8 shows the maximum von Mises equivalent stress of SCWA ceramic tool
materials. The maximum von Mises equivalent stresses generated for a layer number of 9
and a layer thickness ratio of 8 were 160.55 MPa and 162.73 MPa, respectively. It can be
seen that the von Mises equivalent stress generated by laminated ceramic tool materials
was not large enough to cause damage to the tool.

Figure 8. The relationship between the maximum von Mises equivalent stress and the number of
layers and the layer thickness ratio: (a) layer number, (b) layer thickness ratio.

3.2. Mechanical Properties and Microstructure

Table 6 shows the mechanical properties of different ceramic tool materials. Ac-
cording to Table 6, the fracture toughnesses of SCWAs continued to increase with an
increase in the number of layers to the layer thickness ratio. When n is 7 and D is 6,
the mechanical properties of the SCW layer were optimal. The fracture toughness of
the SCW layer reached 6.02 ± 0.19 MPa·m1/2. It was 14.8% higher than that of homoge-
neous SCW ceramic tool materials and 36.3% higher than that of homogeneous SiAlON
ceramic tool materials. The fracture toughness of the SA layer also increased with a
change in layer number and layer thickness ratio, but the change was not obvious at only
5.41 ± 0.18 MPa·m1/2; it was similar to the fracture toughness of homogeneous SA ceramic
tool materials (5.21 ± 0.17 MPa·m1/2).
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Table 6. Mechanical properties of the ceramic materials.

Materials Fracture Toughness (MPa·m1/2) Flexural Strength (MPa) Vickers Hardness (GPa)

SiAlON 4.85 ± 0.19 433 ± 9 17.89 ± 0.16
SCW 5.76 ± 0.18 544 ± 21 18.89 ± 0.21
SA 5.21 ± 0.17 475 ± 22 18.34 ± 0.19

SCW SA Front Side SCW SA
SCWA2 5.97 ± 0.16 5.28 ± 0.18 565 ± 21 551 ± 18 19.1 ± 0.2 18.4 ± 0.2
SCWA3 6.35 ± 0.17 5.35 ± 0.17 583 ± 17 572 ± 21 19.2 ± 0.2 18.5 ± 0.2
SCWA4 6.61 ± 0.19 5.41 ± 0.18 602 ± 19 595 ± 17 19.4 ± 0.2 18.2 ± 0.2
SCWA6 6.42 ± 0.17 5.36 ± 0.17 582 ± 17 576 ± 21 19.1 ± 0.2 18.5 ± 0.2
SCWA7 6.25 ± 0.16 5.29 ± 0.18 571 ± 21 561 ± 18 18.9 ± 0.2 18.4 ± 0.2

The flexural strengths of SCWAs were increased. The flexural strengths of both the
front and side reached their maximum values when n is 7 and D is 6. The positive flexural
strength was 602 ± 19 MPa. It was 10.7% higher than that of homogeneous SCW ceramic
tool materials and 39.0% higher than that of homogeneous SiAlON ceramic tool materials.
The side flexural strength was 595 ± 17 MPa, which was 25.1% higher than that of the
homogeneous SA ceramic tool material. This shows that an increase in layer number and
layer thickness ratio has a certain effect on improving flexural strength [28].

The Vickers hardness of the SCW layer material of SCWAs increased, but the change
was not large. When n is 7 and D is 6, the Vickers hardness of the SCW layer reached its
maximum, which was 19.4 ± 0.2 GPa, similar to the Vickers hardness of SCW ceramic
tool materials (18.9 GPa), and only increased by 2.9%. The Vickers hardness of the SA
layer material of SCWAs increased and then decreased. The range of variation was not
significant and the maximum value was 18.5 ± 0.2 GPa for 5 layers. This is similar to the
Vickers hardness of homogeneous SA ceramic tool materials (18.3 GPa) and shows that
changes in laminated construction have little effect on Vickers hardness.

The variation trend of fracture toughness and flexural strength with the number of
layers and layer thickness ratio of SCWAs was basically consistent with the trends of
residual stresses in the ANSYS simulation results. This indicates that simulation analysis
can be used as a guide to provide a theoretical basis for the fabrication of SCWAs. Under
the influence of residual stresses, the mechanical properties of the SCW layer of SCWAs
were improved and the Vickers hardness was not decreased.

Figure 9 shows optical microscope images of the morphology of the fracture surfaces
of different ceramic tool materials, among which Figure 9a,b are homogeneous SCW and
homogeneous SA ceramic tool materials, respectively. Figure 9c–g shows SCWAs with
different layer structures. The white layer is the SCW layer and the gray layer is the SA
layer. It can be seen that the interface between the layers is clear. With an increase in layer
number and layer thickness ratio, the fracture plane fluctuation and the fracture surface
area of the SCWA gradually increases. The fracture direction of the tool fracture changes at
the junction of layers, and the fracture energy consumed by the tool fracture increases [29].
This is mainly caused by the residual stress in the SCW layer and SA layer. It indicates
that the laminated structure has a certain effect on improving the mechanical properties of
ceramic cutting tools.

Figure 10 shows the microstructure of the SCWA4 fracture. Figure 10a shows that the
stratification between layers is obvious, and a thin transition layer is formed between the
SCW layer and the SA layer. A good layered structure is obtained. Figure 10b is a local
enlargement of mark 1 in Figure 10a. In the SCW layer, the grains are tightly bound, the
grains grow evenly, there are more rod-like crystals, and a transgranular fracture occurs.
Figure 10c is a local magnification of mark 2 in Figure 10a. It can be seen that the grains in
the transition region are tightly bound and have fewer pores. Figure 10d is a local enlarged
image of mark 3 in Figure 10a. It can be seen that the grains in the SA layer are tightly
bound and a small amount of transgranular fracture occurs.
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Figure 9. Optical microscope images of the morphology of the fracture surfaces of the ceramic materi-
als: (a) homogeneous SCW, (b) homogeneous SA, (c) SCWA2, (d) SCWA3, (e) SCWA4, (f) SCWA6,
(g) SCWA7.

Figure 10. SEM microstructure of SCWA4 fracture surface: (a) SCWA4, (b) SCW layer, (c) transition
layer, (d) SA layer.

Figure 11 shows the fracture morphology of SCWA4 SEM morphology and line scan
energy spectrum of each element. Table 7 shows the percentage of elements in different
layers. The distribution of Si, Al, O, N, Y and C was studied. Figure 11b,d,f show the
distribution of Si, O and Y in the online scanning area. The contents were relatively
consistent across the regions and evenly distributed across the layers. Figure 11c,e show
the distribution of Al and N in the online scanning area. These two elements are evenly
distributed in each layer. However, the contents increase gradually along the surface
layer to the matrix layer, and the distribution conforms to the rule. Figure 11g shows the
distribution of C in the online scanning area. The high content of C in the surface layer
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is mainly due to the addition of SiC and SiCw. The presence of C was also detected in
the matrix layer. This is mainly because C exists only in the surface layer, resulting in a
large content gradient between layers. There is also a large stress gradient between layers,
resulting in the diffusion of C from the surface layer with high carbon content to the matrix
layer without C.

Figure 11. Energy spectrum of SCWA4: (a) scanning line direction, (b) Si, (c) Al, (d) O, (e) N, (f) Y,
(g) C.

Table 7. Distribution of elements in the SCW and SA layers.

Elements Composition (wt%)
(SCW Layer)

Composition (wt%)
(SA Layer)

Si 21.05 21.22
Al 3.26 7.62
O 2.28 2.44
N 13.31 19.96
Y 3.50 3.58
C 1.62 0.16

SCWA4 forms a surface layer of about 227 microns (SCW layer), a transition layer of
about 60 microns, and a matrix layer of 1300 microns (SA layer). Si, N and Y are evenly
distributed among all layers. Al and O gradually increase in content along the line scan
direction, and are evenly distributed among all layers. C is mainly present within the SCW
layer. Due to the diffusion of C, the matrix layer also contains some C. The distribution of
elements in SCWA4 is reasonable and therefore SCWA4 has a good layered structure.

3.3. Toughening Mechanism

The indentation method [27] was used to calculate the residual stress present in
SCWA4. Because of the thin thickness of the SCW layer, in order to prevent the crack
from exceeding the boundary between layers and the surface fracturing at both ends, the
residual stress calculation was inaccurate. Therefore, a 49 N load was applied during the
indentation experiment and the pressure was held for 15 s to calculate the crack length.
Figure 12a is a schematic diagram of SCWA4 indentation. If the ceramic material is evenly



Coatings 2024, 14, 1218 13 of 15

distributed and there is no stress interference, the crack propagation in both directions is
the same. The existence of stress is the important reason for the different crack lengths in
two directions of surface materials. Figure 12b,c show that the crack growth of the SCW
layer is relatively long in the parallel direction of the interface, while that of the SA layer is
relatively long in the perpendicular direction of the interface. The propagation distance of
the crack along the two directions is different, and the material shows a certain anisotropy.
It is shown that residual stress exists, and in the surface layer in the opposite direction to
the matrix layer.

σR = KIC

1 −
(

c1
c2

) 3
2

Yc
1
2
R

(10)

Figure 12. Indentation of SCWA4: (a) indentation diagram, (b) SCW layer, (c) SA layer.

According to the indentation crack length of each layer measured in Figure 12, the
residual stress value of each layer was obtained by Formula (10) [27]. Figure 13 is a
comparison diagram between the actual residual stress of SCWA4 and the residual stress
obtained from the simulation analysis along the thickness direction. It can be seen from
the diagram that the actual residual stress is relatively small compared with the simulation
result. The stress gradually decreases from the middle part of the tool to the edge part. This
is mainly due to the interlayer diffusion of the material in the sintering process, forming a
transition layer; the generation of the transition layer has a buffer effect on the gradient
change of stress [30]. Although this will weaken the residual stress on the tool toughening
effect, the residual stress generated is still crucial for tool toughening. In addition, the
formation of the transition layer indirectly strengthens the interlayer connection and avoids
interlayer cracking.

Figure 13. Residual stress of SCWA4 along the thickness direction.
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4. Conclusions

1. ANSYS simulation was used to analyze the distribution of residual stresses in SCWA
ceramic tool materials as they were lowered from 1700 ◦C to 25 ◦C. The results showed
that residual compressive stresses were generated in the surface layer of the material,
and residual tensile stresses were generated in the matrix layer. With an increase in
the number of layers and layer thickness ratio, the residual compressive stress on the
surface layer also increases gradually.

2. SCWA ceramic cutting tool materials with different layer structures were experimen-
tally prepared and the actual residual stresses in the surface and matrix layers of
SCWA4 were calculated using the indentation method. The actual residual stresses
are in general agreement with the ANSYS simulation analysis. This indicates that the
simulation can provide guidance for actual experiments.

3. Laminated SiAlON ceramic tool materials obtained better comprehensive mechanical
properties. The Vickers hardness and fracture toughness of the SCW layer in the SCWA4
ceramic cutting tool material were 19.4 ± 0.2 GPa and 6.02 ± 0.19 MPa·m1/2, respec-
tively. The frontal and side flexural strengths were 602 ± 19 MPa and 595 ± 17 MPa,
respectively.

4. The change rule of the mechanical properties of the laminated SiAlON ceramic cutting
tool material was consistent with the change rule of the maximum residual com-
pressive stress in the surface layer. This indicates that finite element analysis can
provide a theoretical and technical basis for the application and research of lami-
nated structures in composite ceramic cutting tools. Due to technical constraints, this
paper prepares a limited variety of laminated structures. In the future, more com-
plex laminated structures can be designed to research their properties and perform
cutting experiments.
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