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ABSTRACT: With the development of the manufacturing industry, there is an increasing demand for high-efficiency processing, 
high-precision processing, and high-temperature processing. The characteristics of ceramic tools, such as high hardness and wear 
resistance, make them suitable for high-precision processing. Additionally, their excellent high temperature resistance perfectly 
meets the requirements of high temperature processing. However, ceramic tools have a relatively low strength and are prone to 
breakage, which limits their application in some high-strength machining fields. Their low toughness and brittleness also lead to 
easy cracking and reduced tool life, resulting in frequent tool changes that further limit processing efficiency. Therefore, improving 
the service life of ceramic tool materials is crucial to enhance processing efficiency and achieve significant economic benefits. With 
the development of material science, solid additives with toughening and strengthening properties have greatly improved the 
performance of ceramic tool materials and given ceramic tools new life-enhancing properties, such as lubrication and repair. By 
utilizing the combined action of one or more solid additives and employing surface coating technology, the service life of ceramic 
cutting tools is significantly extended. This makes the application of ceramic tools in industrial cutting more and more widely, and 
the demand is also growing rapidly. However, the mechanism and methods of various solid additives to increase the life of ceramic 
tool materials have not been systematically reviewed. The analysis of the composition and functional properties of ceramic tool 
materials was used as a basis to summarize the mechanism by which various solid additives improve the service life of ceramic tool 
materials, and to provide points for attention in their use. The aim is to assist researchers in designing and preparing new ceramic 
tool materials that can meet processing requirements. Finally, the research status, challenges, and prospects of enhancing the service 
life of ceramic cutting tools with solid additives are summarized, providing a foundation for further research. 
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1. Introduction 

The manufacturing industry, as the fundamental sector of the national economy, exerts a profound influence on the 
country’s development [1]. The advanced degree, quality, and performance of tools are directly linked to processing 
efficiency and subsequently impact economic benefits. Tools play a crucial role in metal cutting by facing significant 
challenges when machining various difficult materials at high speeds. Therefore, it is necessary to design and 
manufacture tools that meet processing requirements. As shown in Figure 1, ceramic tools have been put into use since 
1950, and after a long time of development and optimization, by 2012, ceramic tools have shown a variety of advantages 
in practical applications. The researchers discovered that the utilization of additives as an effective method for 
enhancing the performance of ceramic materials can significantly enhance their wear resistance and damage resistance, 
thereby extending the service life of ceramic tools. This enables ceramic tools to meet the requirements for improving 
processing efficiency and promoting sustainable development in this field. Studying the impact of various solid 
additives on the service life of ceramic tools is beneficial for gaining a deeper understanding of how these additives 
work, providing a foundation for optimizing the performance of ceramic tools. Consequently, it facilitates efficient 
design of high-performance ceramic tools to meet industry and scientific technological development demands. 
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The low fracture toughness of early mainstream ceramic cutting tool materials is the main reason for their poor 
reputation (Figure 2a), as it makes the cutting edge highly susceptible to fracturing, greatly restricting the practical 
application of ceramic materials [2]. In order to enhance the reliability of ceramic tool materials, researchers have 
utilized solid additives to increase their toughness and summarized the impact of mechanical properties on service life. 
While high hardness and strength typically result in good wear resistance, they also lead to low fracture toughness; 
conversely, high fracture toughness often results in lower hardness and increased susceptibility to wear. Therefore, even 
if reducing the hardness of a ceramic tool material can improve its fracture toughness, the addition of solid additives 
can restore or even enhance its wear resistance through strengthening effects. Additionally, these solid additives 
contribute to improved thermal fracture resistance of the tool material, which positively impacts reliability and service 
life. Consequently, it is necessary to optimize material’s mechanical properties and design tough new ceramic tools in 
order to ensure their longevity. 

 

Figure 1. Ceramic tool development milestone [3–5]. Reproduced with permission from Elsevier. 

The application of ceramic tools spans across various industries including aerospace, automotive, machining, and 
others (Figure 2b). Moreover, these tools can be precisely machined to yield exceptional quality products. As depicted 
in Figure 2c, researchers studying the practical application of new ceramic cutting tool materials have discovered that, 
in addition to their toughening and reinforcing properties [6], certain solid additive phases possess unique mechanisms 
for improving the lifespan of ceramic cutting tools. Some solid additives can create a lubrication layer on the surface of 
the tool, which reduces friction, minimizes tool wear, and enhances the longevity of ceramic tools [7]. This results in 
reduced maintenance and replacement costs during use, meeting application requirements in more extreme 
environments. Moreover, specific solid additives can react with oxygen and cause volume expansion of oxidation 
products. This expansion fills cracks, repairs micro-defects on material surfaces, hinders crack formation and 
propagation, ultimately leading to improved service life and reliability. Scholars have successfully combined restorative 
and lubricating effects using certain solid additives to enhance reliability and extend the service life of ceramic tools 
[8]. The self-healing properties of ceramic materials reduce safety accidents in aerospace and other fields, providing 
research ideas for engineers. However, recent studies indicate that fully harnessing the properties of these solid additives 
to improve ceramic tool lifespan necessitates specific usage environments. For instance, effective repair by solid agents is 
only achievable in high-temperature environments; carbon materials, some metal oxides, and certain transition metal 
disulfides lose their lubricating abilities at elevated temperatures, resulting in reduced friction; hBN, some metal oxides, and 
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alkaline earth metal fluorides require high-temperature conditions for generating lubrication effects and reducing friction. 
Therefore, the utilization requirements for ceramic tool materials should be thoroughly considered to avoid resource wastage. 

 

Figure 2. Key research elements [7]. 

This paper reviews the current state of research and prospects for development in the field of service life of ceramic 
tool materials both domestically and internationally. The mechanism and application considerations of various solid 
additives to enhance the service life of ceramic tool materials are examined. Additionally, the challenges faced by 
ceramic tool materials as well as current optimization options are discussed. Finally, research prospects for improving 
the service life of ceramic tool materials are presented. It is hoped that this review will deepen understanding of new 
ceramic tools and aid in designing the next generation of ceramic tool materials to meet machining requirements. 

2. Methodology Studies 

Ceramic tool materials are brittle, sensitive to surface defects, and prone to fracture at the cutting edge when 
impacted during the cutting process, significantly reducing their application reliability. Improving the reliability of 
ceramic tool materials can be achieved through material selection, process optimization, surface treatment, and structural 
design. Selection of suitable ceramic cutting tool material components is to improve the reliability of ceramic cutting tool 
material basis, embodied in the toughening and reinforcement to reduce crack initiation to hinder crack expansion, self-
repair repair surface defects. In favour of the growth of the service life of ceramic tool materials [9,10]. 

2.1. Toughening, Strengthening Phenomenon to Increase the Service Life 

In the field of machining, cutting tools play a crucial role as they significantly impact the surface quality of the 
workpiece. The characteristics of the cutting tool are closely related to this aspect. Ceramic tools have been widely 
adopted in industrial part production due to their superior wear and corrosion resistance compared to commonly used 
metal tools [2,11]. Additionally, ceramic tools possess excellent mechanical properties, making them suitable for 
processing high-strength difficult-to-machine materials [1]. However, single-phase ceramic tools have limitations; 
therefore, incorporating solid additives into the ceramic matrix can effectively enhance the overall performance of 
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ceramic tool materials and extend their service life [12]. Furthermore, utilizing solid additives can introduce new 
properties that broaden the application scenarios for ceramic tools. 

The matrix phases and solid additives of ceramic materials are typically brittle and difficult to plastically deform, 
lacking mechanisms for depleting fracture energy. Therefore, the main toughening mechanism of composite ceramic 
materials is to enhance fracture toughness by increasing the ability of the crack extension process to deplete fracture 
energy [12–14]. Consequently, the toughening mechanism of composite ceramic materials is closely related to the crack 
extension mechanism. Ceramic materials are primarily toughened and reinforced by mixtures of one or several materials, 
such as hard particles, whiskers, fibers, rare earth elements, and nanoparticles. However, the type, content, size, and 
distribution of additives need to be rationally designed in order to significantly enhance the reliability and service life 
of ceramic tool materials. 

2.1.1. Hard Particles 

The presence of hard particles, as illustrated in Figure 3, can induce block cracking, leading to crack deflection, 
crack bridging, crack branching, and enhanced fracture toughness and flexural strength of the material. Good hardness 
with higher toughness and flexural strength greatly improves wear resistance and service life. Some carbides [15,16], 
nitrides, oxides [17–19], and borides [20–23] have been shown to improve the reliability of conventional ceramic tool 
materials [24,25]. Chen et al. [15] prepared WC to enhance the mechanical properties of Al2O3 nanocomposites, and 
found that the addition of WC accelerated the sintering process of Al2O3 matrix and improved its mechanical properties 
by hindering its grain growth. Song et al. [16] found that when the HfC content increased from 15 wt% to 25 wt%, the 
pore number gradually decreased and the relative density gradually increased. The grain size of TiN and TiB2 decreased, 
indicating that HfC additive can inhibit the growth of TiN and TiB2 grains and form fine structures which are conducive 
to improving the bending strength. The toughening mechanism of ceramics mainly includes HfC grain pull-out, fine 
crystal, crack deflection and crack bridge. Because the hardness of HfC is higher than TiN and lower than TiB2, the 
increase of HfC content increases the Vickers hardness of TiN-HfC composite, but decreases the Vickers hardness of 
TiB2-HfC composite. According to the results of Yu et al. [17], as the volume fraction of ZrO2 increases from 0% to 
50%, the bending strength increases from 291 to 423 Mpa. Yazar et al. [21] showed that the fracture toughness of B4C-
SiC composites increased by 28% when 10% TiB2 was added to the sample. Xia et al. [26] found that TiSi2 mainly 
affected the intermediate sintering process of B4C and increased the sintering rate, thus shortening the grain growth time 
and improving the comprehensive mechanical properties of the material. The results show that when the content of TiSi2 
is 10 wt%, the bending strength and fracture toughness of the composite ceramics are 807 MPa and 3.2 MPa·m1/2. 

The incorporation of hard particles, such as TiC or TiN, into the ceramic matrix enhances the material’s hardness 
and wear resistance. However, at temperatures exceeding 800 °C, oxidation and subsequent degradation of titanium 
carbide and titanium nitride particles occur, resulting in a loss of their reinforcing properties [27]. 

 

Figure 3. Crack deflection or crack bridging phenomenon due to hard particles [21,24]: (a,b) TiB2 causes crack deflection; (c–e) 
TiSi2 causes crack bridging. Reproduced with permission from Elsevier. 
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The addition of TiB2 particles to the Al2O3 matrix by Deng et al. [28] resulted in notable improvements in fracture 
toughness, hardness, and flexural strength, leading to a significant enhancement in wear resistance and fracture behavior. 
The investigation unveiled that an increased content of TiB2 demonstrated enhanced wear resistance. 

Both sliding wear tests and cutting experiments exhibited reduced friction coefficient and wear rate for Al2O3/TiB2 
ceramic cutting tool materials with varying TiB2 contents (0–40 vol%). However, it is worth noting that the high 
temperature oxidation of TiB2 generates B2O3 which can easily volatilize [29], potentially negatively impacting the 
material’s flexural strength and reliability. Therefore, in the actual processing application, the processing temperature 
to ensure the life of ceramic tools is an important factor. 

Skopp et al. [30] added TiN or BN to Si3N4, which significantly reduced the wear rate. They concluded that in 
order to improve the wear resistance of conventional Si3N4 ceramics, glassy phases should be minimized as much as 
possible and thermal dispersion and thermal conductivity should be increased to reduce thermal stresses and prevent 
thermal cracking. Ko et al. [31] found that the optimal content of SiC in Al2O3 ceramics varies when machining different 
workpieces. The tool life of Al2O3-10 wt% SiC composite tool was the longest when machining heat-treated AISI 4140 
steel, which was 7 times longer than that of Al2O3-TiC composite tool, while a 5 wt% SiC composite tool was the 
longest when machining grey cast iron. It can be observed that the service life of ceramic tool materials is not solely 
determined by mechanical properties but is closely related to the actual machining application environment. 

2.1.2. Nanomaterials 

The presence of nanophase alters the mode of crack propagation in single-phase ceramic materials, transforming 
it from a solely along-crystal fracture to a hybrid fracture where both through-crystal and along-crystal fractures coexist 
[32–34]. The location of the nanophase has a significant influence on the material properties, which is also of additional 
interest [3,35,36]. This consumes more fracture energy and improves fracture toughness [37,38]. The dispersion of 
carbon nanoparticles in the matrix, the interface bonding state with the matrix and the structural change are the main 
reasons for the strengthening and toughening of carbon nanoparticles [33]. Yi et al. [34] found that nanoscale CaF2-
induced transgranular fracture enhanced the toughness of the composite. Crack flexure is the main toughening 
mechanism of nanometer CaF2 composites. Mustafa et al. [35] pointed out that compared to alumina, The strength and 
toughness of alumina composites containing 1.5 wt% multi-walled carbon nanotubes (MWCNTs) increased by 58% 
and 66%, respectively. Liao et al. [36] found that Si2BC3N ceramics doped with 1 vol% MWCNTs had higher bending 
strength and fracture toughness. The toughening and strengthening effect of 462.1 MPa and 5.54 MPa·m1/2 is mainly 
due to the highly energy-intensive bridging and drawing. 

By investigating the toughening mechanism of Al2O3 ceramics reinforced with nano-ZrO2 additives, Du et al. [39] 
found that the nanophase inside the Al2O3 crystal plays a dominant role in altering the fracture mode of nanocomplex 
ceramic materials. The ZrO2-Al2O3 composite ceramics (ZTA-1), prepared through mechanical grinding and dispersion 
methods, exhibit a significant presence of “intracrystalline” structures, as depicted in Figure 4a–f. These structures offer 
more convoluted crack deflection paths and consume higher fracture energy compared to conventional ceramics 
obtained via direct powder doping (ZTA-2). Consequently, the flexural strength and fracture toughness exhibited a 
significant enhancement of 50% and 83%, respectively. This observation suggests that the incorporation of 
nanoparticles within the crystal lattice is imperative for achieving superior outcomes. To summarize the mechanism, the 
presence of an “intracrystalline” structure gives rise to the formation of subgranular boundaries within the Al2O3 particles, 
resembling a re-refinement of their organization and resulting in reinforcement through small particle effects. As shown 
in Figure 4g,h, W2C/Al2O3 nanocomposites exhibit only crack deflection, while WC/Al2O3 nanocomposites exhibit crack 
bridging, crack deflection, and secondary cracking. The additional mechanism provided by WC with small particles to 
absorb the fracture energy leads to an increase in the overall mechanical properties of the material. 

The effect of TiC nanoparticles on the mechanical properties of Al2O3/SiCw materials was investigated by Zhao et 
al. [40]. It was observed that the incorporation of nanoparticles significantly enhanced the bending strength, thermal 
hardness, and high temperature fracture toughness of Al2O3/SiCw ceramic tool materials at room temperature. However, 
at high temperatures, these composites were prone to fracturing along the crystal structure, resulting in low high-
temperature bending strength for Al2O3/SiCw/TiCn composites. This hindered the improvement of high-temperature 
bending strength. Yin et al. [41] prepared ceramic tools containing both TiC nanoparticles and micron-sized TiC 
particles in an alumina-based matrix for machining austenitic stainless steel. They discovered that these tools exhibited 
superior wear resistance compared to alumina-based ceramic tools enhanced only with micron-sized TiC particles. The 
use of nanoparticles enhanced tool life. 
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Figure 4. Nanoparticle reinforced ceramic tool materials [15,39]: (a,b) The simulation diagram illustrating the mechanical grinding 
and dispersion technology; (c–f) The crack propagation path and fracture morphology of ZTA composite ceramics obtained through 
two distinct powder preparation methods; Schematic representations of crack fracture paths in (g) W2C/Al2O3 and (h) WC/Al2O3 
nanocomposites. Reproduced with permission from Elsevier. 

2.1.3. Whiskers and Fibres 

Adding whiskers [42,43] or fibers [44,45] to the ceramic matrix can improve the fracture toughness of the material 
through crack branching, bridging and flexural behavior [46,47]. Yu et al. [42] introduced mineral bridging agent, and 
the bending strength and fracture toughness of aluminum-based ceramics were increased by 33.97% and 33.52%, 
respectively. More crack deflection, crack bridging and whisker pulling out occurred on the fracture surface. Zhu et al. 
[43] found that the introduction of SiC whisker could significantly improve the mechanical properties of SiCO ceramics. 
When the SiC whisker content varies from 0 to 5 wt%, the bending strength of the sample increases from 44.2 ± 4.1 
MPa to 260.1 ± 49.7 MPa. The fracture toughness increased from 1.48 ± 0.03 MPa·m1/2 to 3.23 ± 0.12 MPa·m1/2. The 
mechanism of SiCO ceramic SiC whisker toughening mainly includes whisker breaking and pulling out, deflection, 
crack bridging, directional distribution of whisker and compressive stress of SiC whisker on ceramic matrix. Chen et 
al. [44] constructed polycrystalline cubic boron nitride/hexagonal boron nitride (PcBN/hBN) fiber monolithic ceramics 
with long fiber arrangement structure using cubic boron nitride/hexagonal boron nitride (PcBN/hBN) fiber as the grain 
boundary. The failure of composite ceramics was non-brittle, which was mainly attributed to the multi-scale crack effect 
in the layered structure. The maximum crack propagation toughness is extremely high (about 21 MPa·m1/2), which is 
270% higher than the crack initiation toughness. Lang et al. [47] significantly strengthened and toughened porous Yttria-
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stabilized zirconia (YSZ) by using Al2O3 fiber. When the addition of Al2O3 fiber was 10 vol%, the strength of porous 
YSZ ceramics reached the maximum, with a compressive strength of 100.2 ± 25.4 MPa. The bending strength is 61.5 
± 11.3 MPa. With the increase of Al2O3 fiber content, the fracture toughness of YSZ ceramics increased monotonously, 
from 0.5MPa·m1/2 to 1.2MPa·m1/2, an increase of 140%. 

A large number of researchers have revealed the toughening mechanism of SiC fibers by studying the crack 
extension mode of SiCf/SiC composites. When the applied load is large, the ceramic matrix will crack earlier than the 
fibers [48,49]. Under continuous loading, cracks in the matrix extend to the matrix-fiber interface, resulting in two 
different scenarios [50,51]. In cases where the bond strength at the matrix-fiber interface is weak, cracks propagate 
along the interface and bypass the fibers. Conversely, when there is a strong bond at this interface, cracks propagate 
through or around individual fibers. Regarding how crack extension modes influence properties of fiber-reinforced 
ceramic matrix composites, Yang et al. [52] explained their connection with material properties from an interfacial bond 
strength perspective. The length of fiber pull-out demonstrates this bond strength at the matrix-fiber interface. When 
interfacial bond strength between fiber and matrix is weak, it hampers effective transfer of applied load from fiber to 
matrix and reduces overall strength of SiCf/SiC material; conversely, when interfacial bond strength between fiber and 
matrix is very high, it does not favor manifestation of overall toughness in SiCf/SiC material. 

Huang [2] and Jia [8] employed silicon carbide whisker (SiCw) reinforcement to fabricate ceramic tools exhibiting 
enhanced flexural strength, fracture toughness, and resistance to cutting wear. Guo et al. [53] and Liu et al. [54] used 
Al2O3-reinforced ceramic tools with SiCw to machine Inconel718 parts, which exhibited good machinability. The 
toughening mechanism of SiAlCN ceramics reinforced by SiC whiskers or graphene nanoparticles (GNPs) was 
investigated by Li et al. [55]. As depicted in Figure 5, the high fracture toughness of SiAlCN ceramics is attributed to 
alternating along-crystal and through-crystal fractures combined with grain bridging. The toughening mechanisms of 
SiCw/SiAlCN and GNP/SiAlCN ceramics exhibit similarities, encompassing crack deflection, bridging, and pullout; 
however, their frequencies of occurrence and effects manifest distinct variations. Due to the strong interfacial bonding 
between SiCw and SiC grains, crack deflection induced by SiCw is limited, while the pull-out length is reduced without 
any occurrence of crack branching phenomenon; thus slightly enhancing the toughness of SiCw/SiAlCN ceramics. The 
GNP/SiAlCN ceramics exhibit enhanced fracture toughness compared to other materials due to a larger specific surface 
area and improved interfacial bonding between GNPs and the matrix, which facilitates effective toughening mechanisms 
such as crack deflection/branching and GNP bridging/pull-out. It is evident that bond strength between 
fibers/whiskers/nanoparticles/matrix has a significant influence on material properties. 

 

Figure 5. Schematics illustrating toughening mechanisms: (a) Crack propagation in SiAlCN ceramic; (b) Toughening mechanism 
of SiAlCN ceramic; (c) Crack formation in SiCw/SiAlCN ceramic; (d) Toughening mechanism of SiCw/SiAlCN ceramic; (e) Crack 
deflection and branching in GNP/SiAlCN ceramic; (f) Toughening mechanism of GNP/SiAlCN ceramic; (g) Fracture toughness 
comparison among SiAlCN, SiCw/SiAlCN, and GNP/SiAlCN ceramics [55]. Reproduced with permission from Elsevier. 

Zhao et al. [56] discovered that TiC nanoparticles within Al2O3 particles can induce perforation fracture and deflect 
cracks, thereby synergistically enhancing the overall performance of the material when combined with whiskers. Zhang 
et al. [7] incorporated SiC whiskers and particles into the matrix, improving their reliability significantly. Therefore, 
the collaboration between whiskers and nanoparticles or hard particles can result in ceramic tool materials exhibiting 
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enhanced overall performance. Whiskers and nanoparticles or hard particles demonstrate a synergistic toughening or 
strengthening mechanism, thereby enabling the achievement of ceramic tool materials with exceptional performance. 

2.1.4. Rare Earth Elements 

The utilization of rare earth elements has become indispensable in the preparatory procedure of novel ceramic tool 
materials. The incorporation of rare earth elements can enhance the sintering process of ceramics, while the addition of 
a mixture of these elements reduces porosity in composites and optimizes the microstructure of ceramic cutting tool 
materials, thereby improving performance and extending service life [57–59]. 

Xu et al. [60] found that the action mechanism of Y element additive was mainly to purify the interface, thereby 
improving the binding strength of the interface and strengthening the effect of nano-sized particles. Due to the 
coexistence of strong interface and weak interface, the synergistic effect of crack bridging, crack branching, crack 
defects and micro-cracks was enhanced. Zhang et al. [57] incorporated a blend of rare earth elements (RE), namely Nd, 
Ce, La, and Pr, into the Al2O3 matrix to investigate the influence of this mixed rare earth element addition on properties 
and microstructure. The addition of RE improved the mechanical properties, as demonstrated in Table 1. The pure alumina 
particles, as shown in Figure 6a, exhibited irregular shapes and abnormal growth, with the fracture mode primarily being 
along-crystal fracture. As shown in Figure 6b,c, although the fracture mode did not change, the addition of mixed rare 
earths resulted in uniform size and regular shape of alumina particles and additive particles in the composites. 

Table 1. Material components and mechanical properties [57]. 

Sample Compositions (vol%) 
Hardness 

(GPa) 

Bending Strength 

(MPa) 

Fracture Toughness 

(MPaꞏm1/2) 

1 100% Al2O3 17.84 130.0 3.13 

2 0.5% RE + 99.5%Al2O3 17.96 247.0 3.52 

3 2% RE + 98% Al2O3 18.73 303.5 3.76 

 

Figure 6. Influences of rare earth elements on the microscopic morphology of materials [57]: (a) SEM of cross-section of sample 
1; (b) SEM of cross-section of sample 2; (c) SEM of cross-section of sample 3. Reproduced with permission from Elsevier. 

Rare earth elements are widely used as effective additives in current research on advanced ceramic materials 
[61,62]. They serve not only as stabilizers for tetragonal zirconia but also as sintering aids for ceramics such as Al2O3, 
TiB2, TiC, SiC, Si3N4, Sialon and AlN [63,64]. The mechanical properties of all these ceramic materials can be 
significantly enhanced. Using yttrium oxide as a liquid phase sintering agent, Kennametal introduced their syalon 
ceramic tool [65]. Choi et al. [66] prepared Yb/Y co-doped SiAlON ceramics using rare earth oxide Yb2O3 as the main 
sintering additive. Intercrystalline fracture was predominantly observed in the Yb/Y co-doped SiAlON ceramics in 
terms of crack propagation. The fracture toughness increased by 53.6% from 4.6 to 7.0 MPa⋅m1/2, and the content of 
sintering additives was optimized. 

Qiu et al. [67] found that the addition of different amounts of Y2O3 or CeO2 to Al2O3 ceramics could significantly 
reduce the sintering temperature and greatly improve the material properties. Xu et al. [17,68] utilized Y-reinforced 
Al2O3/(W, Ti)C ceramics and observed that the maximum flexural strength and fracture toughness were approximately 
20% higher compared to those of the corresponding materials without added Y element. The researchers concluded that 
the primary mechanisms of action exhibited by the Y element additive encompass interface purification, enhancement 
of interface bonding strength, and nanoparticle augmentation. After machining hardened 45 carbon steel and HT20-40 
cast iron, it was found that the wear resistance of the new tool was superior to that of the corresponding material without 



Intelligent and Sustainable Manufacturing 2024, 1, 10009 9 of 30 

 

rare earths. The improvement in cutting performance of Al2O3/(W, Ti)C ceramic tool materials by rare earth elements 
was achieved through enhancing their microstructure and mechanical properties. Therefore, high-performance 
structural ceramics, such as fully stabilized zirconia ceramics (FSZ), tetragonal zirconia polycrystals (TZP), and other 
high-performance structural ceramics, can be synthesized by incorporating various rare earth oxides in different types 
and quantities. The addition of rare earth oxides not only suppresses the phase transition of the ceramics but also 
improves their flexural strength and toughness. Adding rare earth oxides as additives, stabilizers, and sintering aids 
greatly enhances the performance and extends the service life of advanced ceramics. 

2.2. Self-Repairing Phenomenon Increases Service Life 

The most intuitive effect of the self-repairing phenomenon of ceramic tool materials is the improvement of service 
life. During the preparation and machining of ceramic tools, defects such as porosity and microcracks can occur [69], 
which can lead to a decrease in the mechanical properties of ceramic tools, making them more susceptible to wear or 
fracture failure in the process of use, and decreasing the service life of ceramic tools. Therefore, processes to eliminate 
surface defects are very important to safeguard the performance and lifetime of ceramic materials. Such as grinding, 
polishing and heat treatment. In order to reduce defects such as surface porosity and microcracks, ceramic materials are 
prevented from premature failure due to surface damage [70]. A significant number of scholars have improved the service 
life of ceramic tools through the self-repair function of ceramic materials [4,71], showing that self-repairing ceramic tools 
can effectively utilise the heat of cutting to produce a liquid phase that fills the cracks and achieves crack self-repairing.  

Researchers have classified the self-repairing mechanisms and repair methods of ceramic materials into three types: 
adsorption repair, chemical reaction repair, and diffusion repair. Adsorption repair has a low treatment temperature but 
limited repairing effect [71,72]. The temperature for diffusion repair needs to be close to the sintering temperature 
[73,74], which consumes excessive resources. Therefore, chemical reactions are primarily used for repairing surface 
defects during the actual cutting process [75,76]. However, when using chemical reactions for surface defect repair, 
attention should be paid to the impact of repair temperature and reaction products on the effectiveness of the repair. 

Gupta et al. [71,77,78] discovered that MgO and Al2O3 ceramic materials can undergo crack self-repair through 
annealing treatment. After conducting numerous experiments, researchers discovered that materials such as Al2O3, 
Si3N4, SiC [79–81], BC4 [82], ZrB2 [83], ZrN [84], mullite [85], MAX materials, (e.g.: Ti2AlC, Ti3AlC2) [86,87] and 
their composites [88–91] exhibit a phenomenon of self-repairing cracks. Chu et al. [92] found that amorphous silica 
formed by oxidation of silicon and silicon carbide could fill cracks and heal cracks. Houjou et al. [93] found that the 
cracks of Si3N4/SiC composite ceramics completely healed in air, but did not heal in argon, N2 gas and vacuum. Wang 
et al. [94] found that the cracks of SiC-Al2O3-B4C ceramics could be completely healed in the air above 700 °C. The 
ceramic composite material had the best effect when repaired at 700 °C for 30 min, and its bending strength could be 
restored to 94.2% of the original. Self-repairing ceramic materials can restore the attenuation strength caused by cracks 
and other micro-defects after heat treatment [95–98]. Yoshioka et al. [95] determined the lowest temperature at which 
the strength of the crack healed sample of Mullite /TiSi2 composite recovered to the strength of the unbroken sample, 
and determined it to be 600 °C. Burlachenko et al. [96] found that regardless of SiC content, ZrB2-SiC ceramic 
composite had the best defect self-healing effect after annealing at 1600 °C. Monteverde et al. [97] found that silica 
glass phase generated by SiC oxidation had a repairing effect. Dedova et al. [98] found that the thickness of the oxide 
layer of the ceramic composite (ZrB2-ZrC-SiC)-ZrO increased with the increase of the volume fraction of zirconia, and 
that the temperature of 1600 °C had a complete healing effect on the defects of the ceramic composite regardless of the 
content of ZrO2. 

Furthermore, they can even eliminate residual stress while achieving complete crack repair [99], thereby enhancing 
the mechanical properties of the material and bolstering the reliability of ceramic materials. However, it should be noted 
that subjecting some materials to high heat treatment temperatures can result in the formation of porosity, which 
adversely affects their performance [100]. Shi et al. [24] used TiSi2 to reduce the porosity of the repair surface and 
reduce gas volatilization (Figure 7). 
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Figure 7. Mechanism diagram of TiSi2 reducing and repairing surface porosity [24]. Reproduced with permission from Elsevier. 

A significant number of scholars [101–103] have investigated the repairing effect of Al2O3/SiC nanocomposite 
ceramics and have discovered that heat treatment at temperatures ranging from 1273 K to 1773 K can effectively repair 
cracks measuring less than 250 µm in length and no more than 100 µm in depth. The room-temperature flexural strength 
of Al2O3/SiC nanocomposite ceramic materials can be fully restored. It is worth noting that if the cracks are repaired by 
transporting the glass phase generated in a high-temperature environment to them, then the ceramic material used for 
repairing will soften at high temperatures, thereby reducing its strength [73]. However, if the self-repairing phenomenon 
can promote the precipitation of the glass phase at the fracture, it will improve the high temperature strength of the 
ceramic material. Therefore, not only does the self-repairing function of ceramics cracks [104–106] help restore material 
strength, but it also enhances mechanical strength, thereby increasing lifetime and reliability. Takahashi et al. [107] and 
Ando et al. [92] studied the self-repairing effect of Al2O3/SiCw and Si3N4/SiC The effect of self-repairing of ceramic 
materials was investigated at 1300 °C. It was found that the room temperature fatigue strength of ceramic materials 
after crack repair was restored to that of the original smooth specimen, and the static fatigue strength of Si3N4/SiC was 
also comparable to that of the original smooth specimen at 1000 °C, which indicated that the fatigue strength in the 
region of self-repairing was better restored. 

Liu et al. [108] investigated the repair effect of Mullite/ZrO2/SiCp after heat treatment at 800 °C and found that the 
cracks on the material’s surface were almost completely repaired, and the fracture toughness of the material recovered. 
However, due to the sensitivity of bending strength to surface defects, there is no significant recovery in strength. Sun 
et al. [109] found that the smaller the particle size of Al2O3-MgO composites, the better their repairing ability. The self-
repairing properties of alumina ceramic materials containing SiO2 and MgO were investigated by Moffatt et al. [110]. 
It was observed that the fracture toughness gradually increased with increasing heat treatment temperature. However, a 
significant decrease in fracture toughness was observed when the temperature reached 800 °C. This is because the 
inflow of intergranular glass phases into the cracks to achieve the material repair will lead to the material softening 
phenomenon in the high temperature environment. However, for Al2O3-17 vol% SiC ceramic materials, the room 
temperature fracture toughness reaches its maximum value when the repair temperature reaches 1200 °C, and there is 
no significant decrease in the fracture toughness with the increase of the test temperature. Savchenko et al. [111] 
observed in the friction experiment of ZrB2-20 vol% SiC ceramics that liquid borosilicate glass has the self-repairing 
effect of subsurface defects. This is because the low shear resistance viscous mechanical mixed layer composed of 
borosilicate glass, trioxide and transfer products can reduce friction, repair subsurface cracks, and keep the wear rate at 
an acceptable level. 

Cui et al. [112] prepared Al2O3/TiC/TiB2 (ATB) ceramic tools and discovered that the cutting heat during the cutting 
process enabled the tools to repair certain micro-defects, thereby enhancing their tool life. As depicted in Figure 8, TiB2 
oxidation caused by the cutting heat is identified as the primary factor contributing to tool restoration during cutting. 
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Figure 8. A schematic diagram of the repair function of ATB tools during cutting [112]. 

Zhao et al. [113] investigated the cutting performance of a ceramic tool reinforced with whiskers and nanoparticles 
(Al2O3/SiCw/TiCn) for dry cutting Inconel718 and high-speed machining of Inconel718. The new ceramic tool can be 
reliably used at high speeds up to 400 m/min. The tool material undergoes oxidation to a glassy phase at a high 
temperature of 1200 °C, which repairs thermal cracks on the tool edge, inhibits crack expansion, prevents instant 
damage to the tool, and assists in improving its lifespan. Shi et al. [8] investigated the Al2O3/TiC/10 vol% TiB2/5 vol% 
hBN@Al2O3 (AT10B@5) ceramic. The cracks were partially repaired by the addition of B2O3 and TiO2 during dry 
turning of 40Cr hardened steel. This filling process effectively prevented the accumulation of micro-cracks in the 
ceramic tool material during cutting, thereby reducing the risk of brittle fracture. As a result, tool wear was reduced and 
tool life was extended. 

Some scholars evaluated the service life of ceramic tool materials through simulation [114]. A constitutive model 
was developed to analyze the behavior of self-healing ceramic materials in a finite element framework. Ozaki et al. 
[115] proposed a damage repair constitutive model for self-healing ceramics, incorporating an oxidation kinetics-based 
crack repair behavior evolution law. The time-dependent relationship of strength recovery obtained by finite element 
analysis is quantitatively compared with the reported experimental data of Al2O3/15 vol% SiC particles, Al2O3/30 vol% 
SiC particles and monolithic SiC. The findings demonstrate that the finite element analysis method employed in this 
study effectively replicates the fundamental characteristics of strength recovery observed in self-healing ceramics. 
Maeda et al. [116] used this model and finite element method to calculate the self-healing properties of surface cracks, 
and the results showed that the method could estimate the healing conditions and verify the stress by obtaining the 
microstructure information and oxidation kinetic parameters of ceramic components in advance. Bellezza et al. [117] 
proposed a model for predicting the tensile life of self-healing, long SiC fiber-reinforced ceramic matrix composites in 
an oxidizing environment. The model can accurately describe the physical and chemical phenomena of the crack with 
time, especially the oxygen concentration field, the degradation of the reactive matrix layer and the formation of related 
oxides, and the oxidation of the interface around the fiber. 

In the machining process is a dynamic process, the surface will continue to be damaged, repair speed is an important 
parameter. The effectiveness of TiC restorers in the low-temperature self-healing behavior of Al2O3-based self-healing 
ceramics was evaluated by Nakao et al. [118]. The 30% TiC-70% Al2O3 intermediate layer was the best restorers for 
self-healing ceramics, and good healing effect could be achieved within 10 min at 600 °C. A successful development 
of a prototype for low pressure turbine blades has been achieved, featuring fiber reinforced self-healing ceramics. 
However, there are few studies on the repair rate, and a few scholars make up for the lack of relevant data through 
simulation [115]. Some researchers have looked at ways to increase the rate of repair. Greil [119] accelerates crack 
filling by reducing the healing agent particles to the nanoscale, forming a low viscosity polysilicate or borate melt phase 
and forming a solid solution, thereby reducing the healing temperature and shortening the healing time. Huang et al. 
[120] found that the synergistic effect of oxidation-induced healing and precipitation-induced healing of SiC particles 
and whiskers could indeed improve the crack repair rate and oxidation resistance of sic coatings. This collaborative 
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repair mechanism may broaden the potential applications of existing self-healing ceramic coatings in high-temperature 
oxidation environments. Through the above research, it can be seen that the repair speed is an important factor affecting 
the service life of ceramic tools in actual machining engineering. There are few experimental data on the repair speed 
of various repair agents. Collaborative repair is an effective method to improve the repair speed. 

3. Mechanism Increase Service Life 

The high levels of friction experienced at the tool-workpiece interface during the cutting process give rise to 
excessive heat, leading to elevated local temperatures of the tool owing to the limited thermal conductivity exhibited 
by ceramic tools. This can lead to severe wear or even fracture in that specific area [121], significantly reducing the 
service life of ceramic tools. The addition of an appropriate amount of solid additive phase, which can provide the tool 
with a friction-reducing effect, can reduce cutting heat, decrease wear, and extend the tool’s lifespan. These solid 
additives mainly include self-lubricating additives and some sintering additives. The former method relies on the 
formation of a lubricant layer between the tool and the workpiece, effectively separating them and thereby reducing 
friction. Conversely, the latter approach is based on optimizing the crystal structure of ceramic tool materials to 
minimize friction. Although extensive research has been conducted on these corresponding solid additives in various 
fields [122–124]. Since powder metallurgy is the most commonly used synthetic technology for manufacturing inserts, 
the sintering temperature of ceramic tool materials is mostly higher than 1300 °C. This exceeds the decomposition 
temperatures of some metallic disulphides (MoS2, WS2), Ag2MoO4 [125–127], etc., which can be applied in certain 
ceramic coatings or surface weaves, and other substrates [128] but are difficult to directly become solid additives for 
ceramic tool materials. The main additives applied in ceramic matrix are as follows. 

Carbon materials such as graphene [129] and carbon nanotubes [130], metal oxides (e.g., Cu2O, B2O3, MnO2, ZnO, 
MgO), fluorides (e.g., BaF2, CaF2) [131,132], hexagonal boron nitride (hBN), and Ti3SiC2 [133] are studied. 

However, the properties of solid additives in ceramic tool materials needs to be considered in terms of sintering 
temperature, substrate material properties, solid additive properties and dosage, as well as the environment in which 
they are used. For example, the Cu663 substrate has low hardness and poor bonding with graphite. Adding only a small 
amount of graphite can provide good lubricating properties. However, when the graphite content is lower than 15 vol%, 
it becomes difficult to achieve effective lubrication in alumina-graphite composites, which may lead to rapid 
degradation of the material’s mechanical properties [134–136]. Carrapichano et al. [134] found that silicon nitride 
materials could benefit from the addition of boron nitride tablets only when a small amount (10 vol%) of boron nitride 
tablets were added, thus improving their tribological properties. When the BN content was greater than 10 vol%, the 
mechanical properties of Si3N4-BN composites decreased significantly due to the very soft properties of BN and the 
brittle response of the dispersion/matrix interface, resulting in an unacceptably high frictional wear coefficient. HBN is 
too inert, difficult to interact with the ceramic matrix material, difficult to disperse, and the resulting lubricating film is 
easy to fall off. 

Graphite and boric acid necessitate the presence of moisture or other condensable vapours to facilitate lubrication; 
otherwise, there is a significant increase in the coefficient of friction (COF). In contrast, MoS2 demonstrates exceptional 
low-friction properties in vacuum or dry atmospheres. However, higher humidity levels can result in a two orders of 
magnitude increase in the COF [137]. When WS2 is at 500 °C, WO3 crystal produced by oxidation of WS2 could be 
used as lubrication phase [138]. Zhu et al. [139] prepared WS2/MoS2 film with good anti-friction and wear resistance. 
However, due to high sintering temperature of ceramic tool material, the material would decompose and lose its original 
characteristics [140]. In conclusion, it can be seen that the solid additives need to be used in a suitable environment to 
avoid the failure of solid additives to enhance the service life of ceramic tool materials. Therefore, among the various 
influencing factors, the temperature of use is the one that most widely affects the functioning of most solid additives. 

3.1. Low-Temperature Friction-Reducing Growth Service Life 

The selection of lubricant needs to consider the substrate material and the actual processing scenarios. Various 
types of solid lubricants and their lubrication mechanisms have been extensively researched, and some scholars have 
determined through experiments that adding appropriate solid lubricants to certain ceramic substrates in low 
temperature environments can improve the service life of ceramic cutting tool materials. 

Carbon materials such as graphene and carbon nanotubes possess low shear and high protective properties, along 
with excellent lubrication capabilities. A simulation conducted by Berman et al. [129] demonstrated that at a 
temperature of 327 °C, the coefficient of friction for graphene can be as small as an extremely low value of 0.005. Xu 
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et al. [141] demonstrated that the addition of multilayer graphene (MLG) in the test temperature range of 100–550 °C 
reduced the coefficient of friction and wear rate, and improved the service life. However, at temperatures between 550–
600 °C, MLG oxidized and its lubricating effect was substantially weakened. Above 600 °C, MLG lost its lubricating 
properties. To expand the lubrication range, Ouyang et al. [142] discovered that MLG has significant value for 
application up to 400 °C by incorporating a lubrication combination of MLG and Ti3SiC2 into ZrO2 (Y2O3)-based 
ceramics. Additionally, Ti3SiC2 primarily functions as a lubricant from 400–800 °C, resulting in friction reduction 
across a wide temperature range. Yuan et al. [143] fabricated BN0.5C0.5/fabric composites, harnessing the load-bearing 
capacity of carbon nanotubes (CNTs) and the self-lubricating effect of boron nitride nanosheets (BNNSs), which exhibited 
remarkable anti-friction and friction-reducing properties. It was found that, due to the synergistic effect of BNNSs and 
CNTs, the coefficient of friction and wear rate of the fabric composites were reduced by 32.4% and 64.4%, respectively, 
thereby improving the material’s service life. The study conducted by Choi et al. [130] revealed a decrease in both the 
amount of wear and coefficient of friction with an increase in the content of carbon nanotubes (CNTs). However, it was 
observed that beyond 4.5 vol%, there was an increase in both the wear rate and coefficient of friction. It can be seen that 
the mechanical properties and lubrication effects of materials should be integrated to determine the appropriate amount of 
solid added lubricant range in order to reduce the wear rate of ceramic tool materials and improve the service life. 

The cutting performance of Al2O3/TiC/GPLs (ATG) ceramics for dry turning of hardened steels was investigated 
by Wang et al. [144]. It was found that the tool life of ATG was approximately 125% longer than that of the commercial 
ceramic tool LT55 and about 174% longer than that of the commercial cemented carbide tool YT15. Wang et al. [145] 
investigated the cutting performance of a graphene-reinforced Al2O3-WC-TiC composite ceramic tool (AWTG0.5). 
They observed an increase in the tool life of AWTG0.5 tools, primarily attributed to the incorporation of graphene, which 
enhanced the mechanical properties and wear resistance of the tool. Furthermore, graphene’s excellent lubrication and 
thermal conductivity contribute to reduced friction and temperature in AWTG0.5 tools, thereby mitigating cutting force. 

When the temperature exceeds 600 °C, MoO3 undergoes severe volatilization [146], greatly compromising the 
long-term stability of the composite. However, it exhibits good lubricity at low temperatures. Some researchers added 
Mo to the zirconia ceramic matrix, and at 500 °C, the friction coefficient and wear rate of yttria-stabilized quaternary 
zirconia (3 Y-TZP) with 6 wt%Mo were reduced by 50% and 31%, respectively. At normal operating temperature, the 
addition of Mo has no obvious effect on the tribological properties. Due to the formation of MoO3 between friction 
pairs at high temperature, the friction coefficient is minimum and the specific wear rate is lowest [147]. A novel self-
lubricating ceramic cutting insert was developed by MoGhosh et al. [148] through the incorporation of 10 wt% 
molybdenum (Mo) into zirconia toughened alumina (ZTA). Detailed characterisation revealed the role of molybdenum 
as a toughened reinforcing material and an increase in fracture toughness of about 5–10% was observed as compared 
to the ZTA. During high-speed turning of AISI 4340 steel, the new ceramic tool forms a thin lubrication film of 
molybdenum oxide (MoO2 and MoO3) on its surface, successfully resisting wear and extending tool life by 11% compared 
to popular commercial cutting tools. Su et al. [149] achieved continuous lubrication of Al2O3/Mo fiber monolithic ceramics 
with a microhive weave structure from room temperature to 800 °C using BaSO4. The lubrication mechanism was also 
analyzed. As shown in Figure 9, when the temperature rises from room temperature to 600 °C, BaSO4 diffuses onto the 
friction surface during the sliding process, ensuring self-lubrication at this temperature stage (Figure 9a,b). Additionally, 
when the temperature reaches 800 °C, the Mo boundary oxidizes with O2 in the air to form MoO3. At this temperature 
stage, the formation of both MoO3 and BaSO4 ensures excellent self-lubrication properties (Figure 9c,d). 



Intelligent and Sustainable Manufacturing 2024, 1, 10009 14 of 30 

 

 

Figure 9. Continuous lubrication mechanism of Al2O3/Mo fibre monolithic ceramics [149]: (a,b) BaSO4 is dragged out and diffused 
onto the friction surface; (c) The Mo reacts with O2 in the air to form MoO3; (d) MoO3 and BaSO4 ensure excellent self-lubricating 
properties. 

The WC-30 vol% CBN-5 vol% MoS2 composites sintered by Wu et al. [150] at 1200 °C and 5.5 GPa exhibited 
exceptional mechanical properties and self-lubrication characteristics. In comparison to conventional self-lubricating 
materials, the composite demonstrated a significant increase of at least 52% in hardness (26.3 Gpa) and 46% in fracture 
toughness (10.5 Mpa⋅m1/2). Regrettably, the reactivity of MoS2 hindered its performance, while the high wear rate 
resulted in a substantial enhancement of elastic modulus and reduction of porosity, which were primarily responsible 
for its outstanding self-lubricating behavior. Wu et al. [151] considered that since MoS2 had a lower melting point 
(1185 °C) and decomposition temperature (1300 °C) than ceramic materials, nickel (Ni) coated MoS2 powder was used 
as the raw material, which could avoid the oxidation and decomposition of MoS2 during the spraying process but had 
less application in the sintering process. It can be seen that surface coating technology can expand the application range 
of solid additives. 

3.2. High-Temperature Friction-Reducing Growth Service Life 

As ceramic tool have unique advantages in high-speed cutting, the cutting temperature is generally high during the 
actual machining process. Therefore, studying the mechanism of reducing friction at high temperatures in the field of 
ceramic tools is of great significance for their application. 

3.2.1. HBN 

HBN is commonly utilized as a high-temperature solid lubricant with a graphite-like lamellar structure and exhibits 
friction-reducing properties from room temperature to 900 °C. The primary mechanism of lubrication is interlaminar 
slip [152]. Due to its exceptional resistance to high-temperature oxidation and remarkable chemical stability, hBN has 
been extensively investigated in the field of ceramic tool materials. For example, inhibition of matrix grain growth [153] 
and reduction of sliding friction [154]. It has been discovered that the main factors influencing the service life of hBN 
ceramic cutting tool materials are as follows. 

I. Firstly, regarding the effect of hBN content. Chen et al. [155] and Li et al. [156] discovered that increasing the 
hBN content in hBN/SiC and B4C-hBN composites is beneficial for reducing the friction factor but detrimental to wear 
resistance. Kuang et al. [157] found that high concentration of hBN would result in low friction coefficient and poor 
wear resistance of cubic boron nitride (cBN) abrasives. Therefore, an excessive amount of hBN negatively impacts the 
lifespan of the ceramic material [158]. 

II. The problem of ambient humidity [159]. Saito et al. [160] studied the sliding properties of sintered hexagonal 
boron nitride (hBN) in water and found that the friction coefficient of hBN/hBN after sintering decreased to 0.06 in 
distilled water and 0.23–0.25 in dry air. When the relative humidity is about 50%, the lubrication effect is enhanced and 
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the wear rate is reduced. This improvement is due to the chemical reaction of hBN with moisture in the spalling pit of 
the worn surface under wet conditions, resulting in the formation of a discontinuous self-lubricating chemical film [161]. 

III. Finally, there is the issue of bond strength between hBN and matrix [143]. The influence of hBN and the type 
of ceramic matrix on the tribological properties of composites was investigated by Sun et al. [162]. The bond strength 
between hBN and the ceramic matrix was observed to directly influence the exfoliation and spreading of the hBN layer, 
consequently impacting the formation of friction film and tribological properties of the material. 

The tribological behavior of SiC-hBN/SiC ball pair at high temperature was also investigated by Chen et al. [163]. 
At 800 °C, the wear coefficient and friction coefficient of the SiC-hBN/SiC ball pair were found to be smaller compared 
to the SiC/SiC ball pair. The bonding strength between hBN and Si3N4 is found to be the highest among all materials 
tested, as illustrated in Figure 10 [162]. Moreover, the friction-induced film exhibits enhanced smoothness and 
continuity, with no discernible presence of free abrasive particles. The underlying mechanism lies in the robust mutual 
bonding between Si3N4 ceramics and hBN flakes, which effectively facilitates the liberation of hBN within the 
composite and mitigates the presence of unbound abrasive particles on the frictional interface. The hBN/Al2O3 wear 
surface exhibited a more compact friction film, although a certain amount of free abrasive particles still remained on 
the abrasive marks. However, the bond strength between ZrO2 and hBN is relatively low, leading to a loosely adhered 
friction film on the wear surface that exhibits signs of peeling off, indicating severe abrasive wear characteristics. 

 

Figure 10. Microstructures of the worn surfaces of the composites and the coupled Si3N4 pins together with corresponding EDS 
analysis: (a) the 7-hBN/ZrO2; (b) 7-hBN/Al2O3; (c) 7-hBN/Si3N4 [162]. Reproduced with permission from Elsevier. 

To enhance the optimization of the friction film formed on the wear surface of hBN/Al2O3, Zhang et al. [76] 
employed a non-homogeneous nucleation technique for fabricating hBN@Al2O3 solid lubricant with a core-shell 
structure. The hBN@Al2O3 particles were uniformly dispersed in the matrix, and the optimal dosage of hBN@Al2O3 
solid lubricant was determined to be 5%. During the friction wear test, hBN within the hBN@Al2O3 particles can be 
selectively removed to form a robust solid lubrication film on the surface of Al2O3/TiC/TiB2/hBN@Al2O3 ceramic 
cutting tools, thereby significantly mitigating wear and enhancing antiwear properties. Zhang et al. [164] used a 
heterogeneous nucleation method to encapsulate a dense layer of hexagonal boron nitride (hBN) powder, which is a 
solid lubricant, on the surface of Al(OH)3. The Si3N4/TiC/(hBN@Al2O3) self-lubricating ceramic tool materials were 
meticulously prepared. Microstructural analysis revealed the uniform dispersion and strong bonding of hBN@Al2O3 
particles within the matrix. The cutting tests demonstrated that the Si3N4/TiC/(hBN@Al2O3) self-lubricating ceramic 
tool exhibited superior friction reduction and wear resistance compared to its corresponding counterpart. It can be seen 
that after adding hBN in appropriate amount and solving the bonding problem between hBN and the substrate with 
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coating technology, the wear can be significantly reduced and the actual machining life of ceramic tools can be improved. 
Yin et al. [165] found that the friction coefficients of monolithic Sialon and Sialon- hBN composites were 1.07 and 
0.82, respectively. the addition of hBN has a low coefficient of friction and good lubrication, which has an important 
effect on the tribological properties of the composites. the wear rate of Sialon-hBN composites is slightly lower than 
that of monolithic Sialon, which improves tool service life. 

3.2.2. Metal Oxides 

Metal oxides mainly rely on high temperature softening to reduce the coefficient of friction for lubrication [166]. 
It is worth noting that ceramic tool materials have very high sintering and cutting temperatures. Although some metal 
oxides have a lubricating effect at certain temperatures [167,168], they decomposed at sintering temperatures. Gassner 
et al. [167] showed that it was necessary to limit the test temperature to a maximum of 500 °C to inhibit volatilization 
of oxide MoO3 in order to exert lubricity. Ouyang et al. [168] found that the plastic deformation, formation and transfer 
of BaCrO4 lubrication film at high temperature was the main wear mechanism. BaCrO4 acted as an effective solid 
lubricant above 300 °C, reducing friction and wear of the coating, but it would decompose at the sintering temperature 
of the ceramic material. 

Therefore, it is difficult to achieve the goal of increasing tool life by directly adding them to the ceramic matrix. 
Metal oxides such as CuOs, B2O3, MnO2, ZnO can provide a low coefficient of friction to the sliding surface at high 
temperatures [169,170] and exhibit good stability under high temperature conditions. These properties make them 
potentially suitable for application in the field of ceramic tool materials. 

Copper oxides (CuOs) are considered potential solid lubricants in many high-temperature applications [171,172]. 
Valefi et al. [173] and Kong et al. [174] used CuO as a solid lubricant in a zirconia matrix and found that CuO-TZP has 
a high coefficient of friction and wear rate up to 600 °C, which was attributed to the formation of rough surfaces due to 
brittle fracture and abrasive wear. However, at temperatures above 700 °C, good self-lubricating properties and anti-
wear properties were exhibited. Zirconia toughened alumina (ZTA) ceramic blades doped with CuO solid lubricant 
were fabricated by the hot pressing process, as reported by Singh et al. [175]. The presence of a copium-rich phase of 
ionic copper at the grain boundary marginally diminishes the microhardness of the developed sample, while 
concurrently enhancing fracture toughness through crack bridging and crack deflection phenomena facilitated by the 
ductile behavior exhibited by Cu particles. The dry processing of AISI 4340 steel revealed that the novel self-lubricating 
ZTA/CuO composite blade exhibits enhanced cutting performance, demonstrating nearly a 20% reduction in wear on 
the rear tool face compared to the conventional ZTA blade. 

Savchenko et al. [176] prepared WC/Y-TZP-Al2O3 hybrid ceramic matrix composite (CMC) by sintering method, 
and conducted tests at a sliding speed of 7–37 m/s and a contact pressure of 5 MPa. CMC showed low friction and high 
wear resistance. The excellent tribological properties can be attributed to the in situ mechanochemical formation of 
ferric tungstate FeW4 and Fe2WO6 on the wear surface of composite specimens. These mixed oxides are contained 
within multilayer subsurface structures that exhibit easy shear and quasi-viscous behavior, resulting in self-lubricating 
and self-healing effects during high-speed sliding. 

Metal oxides, as one of the main components of ceramic materials, usually exhibit good mechanical properties. 
The addition of metal oxides as lubricants (friction-reducing phases) has a minimal impact on the mechanical properties. 
Taking advantage of this, Bas et al. [170] investigated the effect of metal oxide additives on the mechanical properties 
of Al2O3-based or stabilised tetragonal zirconia-based (Y-TZP) ceramics by incorporating a sufficiently small amount 
(1 or 5 wt%) of solid lubricants such as CuO, ZnO, MgO, MnO2, and B2O3 to maintain the base phase’s mechanical 
properties without increasing the specific wear rate. These selected additives provide a self-lubricating mechanism to 
reduce dry friction coefficient in ceramic materials’ tribological properties. The measured coefficients of friction are 
presented in Table 2 where it was observed that most tetragonal zirconia (Y-TZP) materials showed no significant change 
in coefficients except when CuO was added. It can be noted that the effect of CuO addition is dependent on the matrix 
material; both ceramic materials with CuO addition exhibited low specific wear rates and improved material life span. The 
authors hypothesized that adding MnO2, ZnO or B2O3 to an Al2O3 matrix would enhance its friction-reducing effect and 
result in lower specific wear rates; while MgO did not appear to act as a lubricant but played an important role in improving 
structural organization which led to reduced friction and wear while increasing service life for ceramic materials. 
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Table 2. Coefficient of friction (µ) of ceramic composites during dry-sliding against ceramic ball (α-Al2O3 or Y-TZP) [170]. 

Matrixdisc Additive Al2O3 Ball (µ) Y-TZP Ball (µ) 

Y-TZP 

None 0.70 0.90 

CuO 0.43 0.80 

MnO2 0.77 – 

MgO 0.85 – 

B2O3 0.75 – 

Al2O3 

None 0.55 0.70 

CuO 0.65 0.43 

MnO2 0.47 – 

MgO 0.48 – 

ZnO 0.49 >0.6 

B2O3 0.48 – 

Huang et al. [177] prepared self-lubricating ceramic tool materials based on titanium nitride, which exhibited low 
wear, a low friction coefficient, and a wide temperature range. This solution addressed the issue of short wear failure 
life in Si3N4 ceramics at high temperatures. At low temperatures, the addition of TiN inhibited crack propagation on the 
wear surface of Si3N4 ceramics, significantly reducing their wear rate and overall spalling. At high temperatures, TiN 
oxidation had self-healing and lubricating effects that greatly improved the wear resistance of Si3N4-based ceramics. It 
is evident that while TiN loses its toughening and strengthening effects at high temperatures [18], it imparts other 
properties to ceramic tool materials indirectly enhancing their service life. 

Chen et al. [146] found that composite ceramics with Al2O3 fibers combined with Cr2O3 exhibit good friction 
reduction and wear resistance at high temperatures. As shown in Figure 11a1–e1, the width of the abrasion marks 
initially decreases with increasing test temperature and is narrowest at 600 °C. Corresponding elemental analyses reveal 
a significant presence of chromium on the smooth surface, indicating that the Cr2O3 phase is dragged to the wear surface 
to form a continuous lubricating film due to slight plastic deformation and softening. However, poor thermal stability 
leads to severe cracking of the Cr2O3 grain boundaries, resulting in a large number of abrasive grains at 1000 °C and 
causing severe abrasive wear behavior. The incorporation of alumina fibers contributes to high strength and toughness 
in the Al2O3/Cr2O3 fibrous monolithic ceramic, with a maximum crack extension toughness reaching up to 9.05 
MPa·m1/2. The mechanism is illustrated in Figure 11g–i, where this enhanced toughening behavior can be attributed to 
crack flexing and branching produced by the bionic layered structure. 
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Figure 11. Schematic diagram of toughening and lubrication of Al2O3/Cr2O3 fibrous monolithic ceramic [146]: The morphologies 
of the worn surfaces of Al2O3/Cr2O3 fibrous monolithic ceramics after tribological tests at different temperatures, and the elements 
distributions of the whole mapped region from images (a2,b2,c2,d2,e2), as well as corresponding EDS spectrums; Fracture surface 
(f) and crack propagation patterns (g–i) of the Al2O3/Cr2O3 fibrous monolithic ceramic. Reproduced with permission from Elsevier. 

3.2.3. Alkaline Earth-Metal Fluoride 

Similar to metal oxides, the primary lubrication mechanism of alkaline earth metal fluorides is attributed to the 
softening effect observed at temperatures around 500 °C, which corresponds to the brittle-to-ductile transition occurring 
at that temperature range [178]. Alkaline earth metal fluorides are widely used as solid lubricants for high temperature 
processing [179]. Song et al. [180] found that Al2O3/TiC/CaF2 self-lubricating ceramic composite had good lubrication 
wear resistance due to the friction film formed by CaF2 solid lubricant. Wu et al. [181] and Xu et al. [182] used 
Al2O3/TiC/CaF2 to prepare gradient self-lubricating ceramic tools, solving the problem that the friction and wear 
resistance of self-lubricating ceramic tools could not be taken into account at the same time. However, it should be 
noted that their friction reduction capability is poor and they may even increase wear at low temperatures. Ouyang et 
al. [183] added CaF2 to a Y2O3-stabilized ZrO2 ceramic matrix and found that CaF2 lubrication was ineffective at room 
temperature and increased wear rate. However, when tribological tests were conducted on samples containing CaF2 up 
to 800 °C, a significant reduction in wear rate was observed. Liu et al. [184] prepared Al2O3/TiB2/CaF2(ABF) self-
lubricating ceramic cutting tool using Al2O3/TiB2 as matrix and CaF2 as additive. Dry cutting test was conducted on 45 
hardened steel at a cutting speed of 120 m/min. The cutting test results showed that the average friction coefficient of 
the front tool surface was significantly smaller. Deng et al. [185] analyzed SEM micrographs of the wear profiles of 
Al2O3/TiC and Al2O3/TiC/CaF2 ceramic tools during machining of hardened steel at 100 m/min for 10 min and found 
that the Al2O3/TiC/CaF2 ceramic tools exhibited less wear and longer life span compared to those without CaF2 addition. 
This can be attributed to the fact that under high temperature cutting conditions, CaF2 in the tool material softens, 
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precipitates, and disperses on the front face of the tool, resulting in a lower coefficient of friction. However, it should 
be noted that CaF2 has poor mechanical properties and its addition needs optimization. Yi et al. [25] proposed a novel 
intracrystalline self-lubricating nanostructure for the preparation of potential ceramic tool materials. Nano CaF2 was 
prepared and used in the synthesis of self-lubricating nano-structured ceramic materials. The incorporation of 
intracrystalline nanostructures can significantly enhance the tribological properties of materials. The friction coefficient 
of the material on the 40Cr steel ball ranges from 0.12 to 0.2. When the CaF2 content was increased from 3.3 vol% to 
10 vol%, a noticeable reduction in wear rate was observed, while the change in friction coefficient remained marginal. 
The wear rate was further increased with the addition of 13.3 vol% CaF2. 

Some researchers coated the surface of CaF2 with SiO2 [186,187], Ni [188–190] or Al2O3 [191–193] to make up 
for the problems of low bond strength, difficult dispersion and poor mechanical properties of CaF2 and the matrix 
material. Wu et al. [188] found that the microstructure and mechanical properties of the self-lubricating ceramic tool 
material prepared by adding nickel coated CaF2 powder were significantly improved compared with the tool material 
prepared by directly adding uncoated CaF2 powder. Experiments on dry cutting 45# hardened steel show that the new 
self-lubricating ceramic tool has better anti-friction wear resistance than the corresponding tool. Chen et al. [194] 
designed Al2O3 /Ti (C, N) /CaF2@Al2O3 self-lubricating ceramic tool materials with different CaF2@Al2O3 contents, 
and found that core-shell structure improved the bonding strength between solid lubricant and base material, as well as 
the hardness and fracture toughness of tool material. It is found that with the increase of CaF2@Al2O3 content, the 
friction coefficient decreases, and the wear increases after the first decrease. Zhang et al. [195] fabricated self-
lubricating ceramic tools by substituting CaF2 with CaF2@Al2O3, effectively mitigating the adverse effects of directly 
added CaF2 particles on ceramic tools. They observed that the incorporation of CaF2@Al2O3 resulted in enhanced wear 
resistance and improved machined surface quality compared to those with direct addition of CaF2 during the turning 
process of 40Cr. The optimum content of CaF2@Al2O3 particles was determined to be 10 vol%. The friction reduction 
and wear resistance mechanism of self-lubricating ceramic tools is illustrated in Figure 12a–d. During the initial stage 
of cutting, the uniformly distributed CaF2@Al2O3 particles within the ceramic matrix remain in suspension, preventing 
their precipitation and formation of a lubrication film on the tool surface (Figure 12a). As a result, the flank wear 
increases rapidly at a cutting distance of 0–200 m (Figure 12e,f). Subsequently, the application of cutting force resulted 
in the disintegration of the Al2O3 shell surrounding CaF2@Al2O3 particles, leading to the exposure of CaF2 on the 
surface of the ceramic tool, as depicted in Figure 12b. Furthermore, as illustrated in Figure 12c, precipitation of CaF2 
commenced from the surface of the ceramic tool. However, only a small amount of CaF2 precipitated at this time, 
forming an incomplete lubrication film. With the continuous advancement of the cutting process, the cutting temperature 
continues to rise, so that CaF2 from the brittle state into a plastic state, the formation of CaF2 as the main body of the 
lubrication film on the surface of the tool (Figure 12d). Due to the low shear strength of the lubrication film, it has a good 
friction reduction effect in the cutting process. As a result, the wear rate of the rear cutter face slows down after the 
cutting distance reaches 200 m (Figure 12e,f). Through the above analysis, it can be determined that the surface coating 
technology can make up for the problems of low bonding strength and difficult dispersion of CaF2 and the base material. 
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Figure 12. Schematic diagram of solid lubricating film formation process of the ceramic tool with CaF2@Al2O3 added: (a–d); The 
flank wear of four ceramic tools at cutting speeds of 100 m/min (e) and 300 m/min (f) (test conditions: depth of cut ap = 0.2 mm, 
feed rates 𝑓 = 0.102 mm/r) [195]. 

The wear of partially stabilised ZrO2-3 mol% Y2O3-20 wt% Al2O3 (TZ3Y20A) ceramic composites with the 
addition of CaF2 and BaF2 was investigated by J.H. Ouyang et al. [142], as shown in Figure 13. It was observed that the 
wear increased under ambient conditions but decreased at 800 °C. Specifically, they discovered that adding BaSO4 or 
SrSO4 to TZ3Y20A reduced the frictional wear rate across a wide temperature range, highlighting the importance of 
lubricant film formation, plastic deformation, and effective spreading in decreasing frictional wear. 

 

Figure 13. Wear rates of ZrO2(Y2O3) matrix composites incorporated with and with-out solid lubricants at room temperature and 
800 °C. (A: TZ3Y; B: TZ3Y20A; C: TZ3Y20A–10Graphite; D: TZ3Y20A–50MoS2; E: TZ3Y–30CaF2–10Ag2O–10Cu2O; F: 
TZ3Y20A–31BaF2–19CaF2; G: TZ3Y20A–18CaF2–12CaF2–30Ag; H: TZ3Y20A–50BaCrO4; I: TZ3Y20A–50BaSO4; J: 
TZ3Y20A–50SrSO4; K: TZ3Y–50SrSO4–5CaSiO3) [142]. Reproduced with permission from Elsevier. 

In order to expand the temperature range at which alkaline earth-metal fluorides reduce friction, Jin et al. [196] 
discovered that the addition of CaF2 and Ag significantly decreased the friction factor and wear rate of Al2O3 between 
200 °C and 650 °C. Bogdanski et al. [197] incorporated the solid lubricants BaF2/CaF2 eutectic and silver into a 
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chromium carbide matrix, where BaF2/CaF2 eutectic acted as a high-temperature lubricant above 400 °C, while silver 
served as a low-temperature lubricant (up to 500 °C). 

4. Conclusions 

Ceramic tool materials have significant application value in various industries. Solid additives are an effective 
means of enhancing the service life of ceramic tool materials across a wide range of applications. The properties of 
solid additives can be utilized to achieve high-quality and efficient machining. This paper reviews the research on solid 
additives for improving the service life of ceramic tool materials, analyzes the mechanisms of action for different types 
of solid additives, and discusses precautions for their usage. Based on the characteristics and mechanisms of action, 
solid additives can be mainly classified into the following types. 

(1) Adding one or more of particles, whiskers, rare earth elements and nanoparticles to the matrix material to achieve 
the goal of toughening and reinforcing can improve the reliability of ceramic cutting tool materials and make 
ceramic cutting tool materials have a longer service life. Rare earth elements can improve the sintering process, 
optimise the microstructure of ceramic tool materials and reduce defects. The particle and whisker increase the 
fracture energy loss by producing crack deflection, crack bridging and other phenomena to improve the reliability 
of ceramic tool materials. 

(2) Part of the toughening and reinforcing materials enables ceramic tool materials to possess self-repair characteristics. 
When the operating temperature reaches the point of chemical reaction or liquid phase formation, heat can be 
utilized in the repair process to mend microcracks and surface defects, thereby enhancing the service life of ceramic 
tool materials. It should be noted that the presence of glassy phase or generated gases in high-temperature 
environments may have a detrimental effect on tool longevity. The research on the detection, repair and repair 
efficiency of micro-cracks in cutting process is relatively lacking. 

(3) Thermal cracking is an important factor that limits the service life of ceramic tool materials. Friction reduction is 
an effective means of reducing cutting temperature. Some solid additives possess friction reduction properties, 
mainly by optimizing the sintering process to improve surface quality of ceramic cutting tool materials and reduce 
friction, or by forming a lubricating layer between the tool and workpiece to decrease workpiece friction and lower 
operating temperatures. To achieve the purpose of reducing damage and increasing service life. However, there are 
certain limitations in applying these solid additives in high-temperature processing due to weak bonding strength with 
the matrix, low strength, difficulties in dispersion, and susceptibility to decomposition at high temperatures. 
As a result of refinements made by researchers, the reliability of ceramic tool materials has significantly increased. 

The improved service life has led to enhanced machining efficiency, and the properties of solid additives have enabled 
ceramic tools to be used in an ever-expanding range of operating scenarios. Furthermore, there is still considerable 
potential (Figure 14). 

(1) The combination of multiple solid additives can enhance the performance, application range (e.g., wider lubrication 
temperature, lower service temperature, resistance to thermal cracking, etc.), and service life of ceramic tool 
materials. However, due to the complexity of their compositions, it is necessary to pay more attention to the service 
conditions in order to fully utilize these tools. Further research data is still needed to understand the mechanisms 
of compositional interactions and synergies. Simulation tools, such as molecular dynamics, can be used to help 
understand the mechanisms of component interactions and synergies. 

(2) Ceramic tool material crack repair phenomenon has great application value and potential. It is still to be explored 
to improve the repair efficiency of the repair agent, which can be combined with the fluid that can promote the 
repair to improve the repair efficiency. Exploration and validation of materials to reduce the porosity of repaired 
surfaces. Micro-crack repair combined with a system that can monitor damage in real time, intuitively determine 
the repair effect of the cutting process. 

(3) Surface cladding technology is an effective means of solving the problems of weak bonding of solid additive phases 
to the matrix, low strength, and difficulties in dispersion. This allows many solid additives to work with a wider 
range of ceramic substrate materials, resulting in ceramic tool materials with greater applicability. However there 
are limitations in the research of various surface capping techniques and further process optimisation is required 
to increase the yield of capped materials or to improve the quality of capped powders using suitable screening 
processes. Improve the application value of coated particles in ceramic matrix. 
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Figure 14. Challenges and prospects for improving the service life of ceramic tool materials with solid additives. 
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