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Abstract: Cemented carbides, composed of hard carbide phases and metallic binders, 

are extensively employed in extreme tribological environments involving high-load dry 

friction, elevated-temperature cutting, erosive particle flows, cyclic impact, micro-

vibration, and corrosive media. In response to increasing performance demands under 

such complex service conditions, this review systematically evaluates the tribological 

behaviors and failure mechanisms of cemented carbides under adhesive, abrasive, 

fatigue-induced, oxidative, erosive, fretting, and corrosion-induced wear conditions. 

The critical influence of carbide phase type and grain scale, binder chemistry and mean 

Ju
st

 A
cc

ep
te

d



 

free path, and microstructural configuration on interfacial degradation pathways is 

clarified, establishing a structure-driven, mechanism-based framework that links 

microstructural descriptors with damage evolution and dominant wear modes. On this 

basis, multi-scale strengthening strategies-including compositional design, 

microstructural refinement, binder phase optimization, grain-scale engineering, 

PVD/CVD thin films, and surface texturing-are summarized and comparatively 

assessed with respect to their effectiveness across varied tribological conditions. Finally, 

emerging trends are discussed, with emphasis on multi-field coupling mechanisms, 

cross-scale wear modeling, low-Co and environmentally benign binder systems, 

powder-metallurgy-enabled, and adaptive surface engineering. This review provides 

theoretical guidance and design strategies for achieving high reliability and long-term 

service durability of sintered cemented carbides in extreme tribological environments. 

 

Keywords: Cemented carbide, Friction and wear, Tribological properties, Surface 

engineering, Performance optimization. 

 

1. Introduction 

Cemented carbide is a class of high-performance composite materials prepared by 

powder metallurgy, in which high-melting-point metal carbides serve as the hard phase, 

while metals such as Co or Ni act as the binder phase. Owing to their high hardness, 

excellent wear resistance, and high elastic modulus, these materials can maintain 

favorable thermal stability and oxidation resistance under elevated temperatures, while 

also exhibiting resistance to thermal shock and softening [1]. These comprehensive 

properties endow cemented carbides with high service reliability under extreme loads 

and harsh environments. At the microstructural level, the hard phase imparts 

exceptionally high hardness and wear resistance, whereas the binder phase provides the 

necessary toughness and interfacial bonding strength. The synergistic effect between 

carbides and the metallic binder phase ensures that cemented carbides can achieve a 
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balance of strength and toughness under complex stress conditions. In addition, 

microstructural parameters such as grain size, binder phase distribution, and interfacial 

stability play a decisive role in governing the wear behavior and environmental 

adaptability of the material [2]. 

Cemented carbides, owing to their outstanding comprehensive mechanical properties, 

have been widely employed under various extreme service conditions. In the field of 

mechanical manufacturing, their wear resistance and resistance to thermal softening are 

primarily utilized for high-speed cutting tools and the machining of complex curved 

surfaces (as shown in Fig.1) [3]. In mining and geological exploration, drill bits, roller 

cones, and cutting teeth made of cemented carbides exhibit impact resistance and long 

service life, enabling them to withstand high-stress rock-breaking environments. In the 

aerospace industry, cemented carbides are employed in nozzles, turbine blades, and 

combustion components, where their high-temperature resistance and thermal shock 

resistance ensure the stable operation of engines under extreme thermal conditions [4]. 

In marine engineering, this material is employed in deep-sea drilling tools and pipeline 

cutting devices due to its favorable corrosion and erosion resistance, thereby 

significantly enhancing service life and operational reliability. As a key fundamental 

material in advanced manufacturing systems, cemented carbides hold an irreplaceable 

strategic position in equipment manufacturing, energy development, and the defense 

industry [5]. The service performance of cemented carbides is directly related to the 

lifespan and safety of major engineering equipment. Consequently, research on their 

service reliability, failure mechanisms, and surface modification technologies has 

become a critical direction for overcoming bottlenecks in key materials, ensuring 

national industrial security, and supporting the strategic development of the energy 

sector [6]. 
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Fig.1 Examples of typical complex cemented carbide parts: special-shaped nozzle, 

threaded nozzle, measurement while drilling (MWD) logging parts, carbide valve cage 

and carbide-tipped cutter bit. All samples were produced through PM methods, plus 

postprocessing (grinding and polishing) (adapted from Ref. [3]) 

Under such multi-field coupled conditions, the performance degradation of cemented 

carbides essentially occurs at the frictional contact interface and is dominated by the 

synergistic effect of mechanical load, thermal effect and chemical-electrochemical 

reactions under sliding conditions. These interactions lead to a tribo-induced dynamic 

evolution of the contact interface, which plays a central role in controlling the 

degradation behaviors [7]. In addition to conventional adhesive, abrasive, and fatigue 

wear, oxidative and corrosion-induced damage further accelerates material 

deterioration. Among these failure modes, corrosion-wear has emerged as a critical 

coupled degradation mechanism in marine, chemical, and high-humidity environments 

[8]. During the wear process, the friction-induced electrochemical reactions promote 

the localized dissolution of the binder phase, thereby weakening the load-bearing 

capacity of the carbide-binder interface. In addition, the carbide fragments generated 

by the interface spalling as the third body abrasive particles, repeatedly participating in 
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the shear and load transfer within the contact zone, further amplifying the mechanical 

wear effect. In-situ electrochemical friction tests indicate that the chemical composition, 

grain size and interface structure of the binder phase determine the tribological behavior 

under corrosion-wear by regulating the interfacial reactivity, the formation and 

evolution of the third-body layer [9]. 

Despite considerable progress in elucidating wear mechanisms and improving material 

formulations, several critical scientific and engineering challenges remain unresolved 

under extreme tribological conditions [10]. Under combined sliding contact and 

electrochemical conditions, the mechanisms by which electrochemical dissolution of 

the binder phase evolves into carbide detachment and interfacial failure under frictional 

shear and cyclic loading remain insufficiently understood. In particular, the micro-

damage evolution pathways at the carbide/binder interface under the coupled effects of 

potential fluctuations and cyclic loading have not yet been clearly elucidated [11]. 

Meanwhile, the existing wear and degradation models are still difficult to quantitatively 

capture the complex coupling among contact stress, temperature variation, corrosive 

media and tribological behavior under sliding conditions, which limits the reliable 

prediction of long-term service life [12]. In addition, the carbide morphology, 

interfacial bonding chemistry and residual stress evolution synergistically regulate the 

wear-corrosion kinetics by affecting third-body layer stability, interfacial shear 

behavior and crack propagation paths. However, the underlying mechanisms have not 

yet formed a unified understanding [13, 14]. On the materials side, the traditional Co/Ni 

binder phases exhibit limited chemical stability in marine, acidic and humid 

environments. Although alternative approaches, such as corrosion-resistant alloy binder 

phase, gradient structures and high-entropy or nanocomposite interfacial systems, have 

been proposed, their tribological performances remain insufficiently validated [15]. 

Moreover, most existing investigations are limited to short-duration laboratory tests and 

are devoid of in-situ characterization techniques capable of capturing real-time 

interfacial evolution, leaving time-dependent degradation mechanisms largely 

unexplored [16]. Finally, the lack of unified tribological evaluation metrics, 

standardized accelerated degradation testing protocols and cross-scale databases 

Ju
st

 A
cc

ep
te

d



 

6 
 

continues to hinder the development of robust correlations among organization, 

performance, and service life [17]. In summary, overcoming these challenges requires 

multidisciplinary efforts that integrate interfacial degradation mechanisms, multi-

physics modeling, advanced binder system design, and real-time monitoring techniques 

to enable the reliable application of cemented carbides in extreme environments [18, 

19].As illustrated in Fig.2, WC-based binder systems have evolved from traditional Co-

based binders-characterized by superior wettability and metallurgical compatibility, yet 

limited by high cost, biotoxicity, and poor corrosion stability. Ni-based binders, which 

offer enhanced corrosion resistance but weaker WC interfacial bonding.  

 

Fig.2 Evolutionary pathway of binder systems in WC-based cemented carbides 

(adapted from Ref. [20]). 

Over recent decades, cemented-carbide research has moved beyond WC-Co toward 

low-/Co-free systems, multicomponent binders, and graded microstructures. However, 

key mechanistic links remain unclear. Unified criteria for the shift from oxidation-

dominated wear to abrasion-assisted delamination at high temperature are still lacking. 

In wear-corrosive environments, binder-selective dissolution and WC-binder interfacial 

degradation can accelerate wear nonlinearly, yet transferable structure-pathway 

correlations remain limited. Moreover, in multi-field contacts, third-body evolution is 

tightly coupled with subsurface cyclic damage, which is not well captured by wear-

mode-isolated descriptions.  
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This review provides a comprehensive and systematic analysis of the tribological 

behavior of sintered cemented carbides under extreme service conditions, 

encompassing both corrosion-induced and non-corrosive wear mechanisms. 

Specifically, it examines high-stress abrasive wear, impact/fatigue wear, high-

temperature oxidative wear, particle erosion, and corrosion-wear coupling, with 

particular attention to how multi-field environments involving stress, temperature, 

chemical/electrochemical reactions, and dynamic loading govern degradation pathways. 

The schematic framework of tribological research methodology for cemented carbides 

as shown in Fig.3(a). Furthermore, the review highlights the microstructural influences 

of carbide morphology, binder chemistry, phase distribution, and interfacial stability on 

failure evolution. It also summarizes current optimization strategies, including binder 

alloy design, graded and nanocomposite architectures, surface engineering, and 

environment-specific reinforcement techniques. In addition, emerging research trends 

are discussed, such as in-situ degradation monitoring, data-driven and multi-scale 

tribological modeling, and the development of chemically inert, electrically stable, and 

high-bonding binder systems. These insights are expected to contribute to the design of 

next-generation cemented carbides with superior reliability and extended service 

lifetimes in harsh marine, aerospace, mining, and energy environments. 

 

Fig.3 (a) Schematic framework of tribological research methodology for cemented 

carbides, (b) Mutual Solubility of Refractory Carbides from Group Ⅳ, Ⅴ, and Ⅵ. 

Abbreviations: CS represents completely soluble, MS represents mostly soluble, SS 

represents slightly soluble, ND represents no data, and X = does not form a cubic 
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structure [11]. 

2. Overview of Cemented Carbide Materials 

2.1 Definition and Classification of Cemented Carbides 

Cemented carbides are ceramic-metal composites formed by consolidating high-

hardness transition metal carbides and ductile metallic binders through powder 

metallurgy densification (as shown in Fig.3(b)) [11, 20]. In this system, the hard phase 

provides load-bearing capacity and wear resistance, while the binder phase enhances 

toughness and interfacial cohesion. To achieve performance matching and failure risk 

control under specific service conditions, the present work classifies cemented carbides 

according to these three dimensions (see Table.1). 

Hard-phase classification determines chemical stability, thermo-mechanical resistance, 

and dominant wear mechanisms. WC is the most widely used carbide due to its high 

hardness and thermal stability. TiC and Ti(C, N) are typically introduced to increase 

oxidation and diffusion wear resistance at elevated temperatures, whereas TaC and NbC 

enhance thermo-chemical stability under aggressive environments.  

Table.1 Classification and characteristics of cemented carbides based on material 

composition and grain size 

Classification 

Dimension 
Subcategory Key Characteristics Typical Application Areas 

Hard Phase 

Type 

WC  

High hardness, excellent 

thermal stability, strong 

toughness 

General machining, mining 

tools, aerospace components 

TiC 

High chemical stability, heat 

resistance, corrosion 

resistance, brittle 

High-temperature 

components, corrosive 

machining, composite 

coatings 

TiCN 

High hardness, combines 

properties of TiC and TiN, 

superior wear resistance 

High-end cutting tools, PVD 

coatings 

TaC/NbC  

High melting point, strong 

oxidation resistance, 

chemically inert 

Metallurgical dies, nuclear 

components, aerospace heat-

resistant parts 
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Binder Phase 

Type 

Co 

Excellent wettability, strong 

metallurgical bonding, widely 

used 

General hardmetals 

Ni 
Excellent corrosion and 

oxidation resistance 

Aerospace, marine 

engineering 

Fe: 

Low cost, easy processing, 

applied in non-critical 

applications 

Geological drilling, civilian 

tools 

HEA 

Multi-element reinforcement, 

high structural stability, 

balanced properties 

Extreme service conditions, 

advanced components 

Grain Size 

More 

than1µm 

Cost-effective, moderate 

strength, stable processing 
Standard cutting tools 

0.1-1 µm 

Balanced strength and 

toughness, appropriate for 

general-purpose cutting 

operations 

High-speed milling tools, 

impact-resistant tools 

Less than 0.1 

µm 

Extremely hard, excellent 

wear resistance, relatively 

brittle 

Ultra-precision machining, 

microstructures, high-

frequency wear zones 

Grain size reflects the trade-off between hardness and toughness. Coarse-grained 

carbides (>1 μm) provide higher fracture toughness and are suitable for heavy-load 

wear applications. Fine-grained structures (0.5-1 μm) enable a balance between 

strength and toughness and are most commonly used in cutting tools. In summary, the 

classification of cemented carbides based on hard-phase composition, binder-phase 

chemistry, and grain-scale hierarchy provides a microstructural framework for 

performance tailoring. This classification system enables application-oriented 

optimization under high-temperature, high-stress, and corrosive service environments. Ju
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Fig.4 Schematic indicating applications, pivotal properties, and principal mechanisms 

of cemented carbides materials (adapted from Ref. [64]). 

As shown in Fig.4, different application scenarios of cemented carbides are associated 

with distinct property requirements and degradation mechanisms. This application-

driven perspective complements the compositional and microstructural classification 

discussed above and provides a contextual basis for the subsequent sections addressing 

microstructure, tribological behavior, corrosion-wear performance, and surface 

protection strategies. 

2.2 Microstructure of Cemented Carbides 

The microstructural architecture and compositional configuration of cemented carbides 

fundamentally determine their strength, wear resistance, and environmental stability. 

Typically, they consist of a hard ceramic phase embedded in a metallic binder (e.g., Co), 

where the ceramic skeleton provides load-bearing capacity and the binder contributes 

ductility. 

Compositional optimization plays a crucial role in performance enhancement. WC is 

widely used for its hardness and thermal stability, but exhibits limited oxidation 

resistance at elevated temperatures. Secondary carbides such as TiC, TaC, and NbC 
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promote solid-solution strengthening, grain refinement, and suppression of abnormal 

WC growth, thus enhancing high-temperature wear resistance. Gradient structural 

design has also proven effective. For instance, Long et al. [21] prepared Ti(C, N)-based 

gradient cermets via powder-extrusion additive manufacturing, forming a core–shell 

architecture with uniform phase distribution and improved interfacial bonding. The 

sintered material achieved a relative density of 97.13%, with a hardness of 1760 HV, 

fracture toughness of 8.5 MPa·m1/2, and flexural strength of 2047 MPa, confirming the 

synergistic enhancement of hardness, strength, and toughness through gradient design. 

The binder phase critically affects toughness and degradation behavior [22]. While Co 

remains the dominant binder due to excellent wettability, its instability in corrosive or 

high-temperature environments has driven the exploration of Ni-, Fe-, and alloy-based 

alternatives. Li et al. [23] demonstrated that partially substituting Co with Ni and Fe 

can maintain the interfacial bonding energy of WC/binder phases, with W-Fe bonds 

further strengthening interfacial stability. Experimental results showed that the porosity 

of WC/CoNiFe alloys was significantly reduced to 0.78 %, with a more uniform 

hardness distribution.  

Grain size regulation is another essential strategy. Grain growth inhibitors and rapid 

densification methods are widely applied to suppress coarsening. At the nanoscale, VC-

coated WC core-shell structures effectively reduce grain growth, leading to enhanced 

hardness and uniformity. 

To achieve microstructural refinement and stability, grain growth inhibitors are coupled 

with rapid densification techniques. For example, WC-VC core-shell architectures form 

diffusion barriers that suppress grain coarsening and enhance hardness [24, 25]. In 

green remanufacturing, CaCl2-CaO molten salt electrolysis reconstructs nanostructured 

WC composites while preserving interfacial integrity. Mesoscale tailoring (particle size, 

binder topology, diffusion barriers) guides crack deflection and toughness [26]. In 

summary, the optimization of cemented carbides should be guided by service 

requirements and constructed within a four-dimensional synergistic framework 

involving hard phase selection, binder chemistry, interfacial regulation, and hierarchical 

grain/topological control. Coordinated modulation of composition and microstructure 
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enables a tunable balance among hardness, toughness, wear/corrosion resistance, and 

thermal shock stability [27]. This composition-microstructure-property-service chain 

provides a systematic roadmap for process optimization and performance-oriented 

design. 

 

Fig.5 (a) Schematic diagram of the preparation and closed-loop optimization of 

cemented carbide. The inner hexagons represent the key preparation steps, while the 

outer cycle illustrates the design-verification-feedback loop for process optimization, 

and (b) Methods of improving the comprehensive performance of WC-Co cemented 

carbide (adapted from Ref. [28]) 

2.3 Fabrication Processes of Cemented Carbides 

The fabrication of cemented carbides underpins their mechanical performance and 

microstructural uniformity (as shown in Fig.5 (a)). The typical process includes powder 

preparation, mixing/ball milling, forming, and sintering densification. Process 

parameters govern porosity, hard phase grain size (d), binder phase mean free path (λ), 

hard phase contiguity (C), and interfacial metallurgical characteristics, thereby 

determining the final microstructure and service reliability (see Table.2). Consequently, 

developing efficient, stable, and controllable fabrication routes remains a central focus 

in current research and engineering applications (as shown in Fig.5 (b)). 

Table.2 Key process stages, parameters, and technical objectives for cemented carbide 

fabrication 
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Process 

Stage 
Key Procedures Critical Parameters Technical Objectives 

Powder 

Preparation 

Select high-purity WC 

powders and binder 

powders (e.g., Co/Ni) with 

suitable particle sizes. 

WC particle size, 

purity not less than 

99.9%. 

Obtain high-purity, fine-

grained raw materials to 

ensure microstructural 

uniformity. 

Mixing and 

Blending 

Mix hard phase and binder 

phase according to designed 

ratios, assisted by 

dispersants. 

Hard phase: binder 

ratio = 85:15 (or 

optimized 

proportion). 

Ensure compositional 

uniformity and prevent 

segregation. 

Ball Milling 

Use ball-milling media to 

promote homogeneous 

dispersion and prevent 

agglomeration. 

Milling time (12-48 

h), rotation speed 

(200-400 rpm). 

Achieve uniform particle 

distribution and 

microstructural 

refinement. 

Drying and 

Sieving 

Control drying temperature 

and duration to obtain 

flowable powders with 

good dispersibility. 

Temperature (80-

120℃), sieve size 

(80-200 mesh). 

Improve powder 

flowability, enhance 

green compact density, 

and reduce porosity. 

Press 

Forming 

Form green compacts using 

uniaxial or isostatic 

pressing methods. 

Pressure (100-300 

MPa), holding time. 

Produce dense and 

uniform green compacts 

for subsequent sintering. 

Debinding 

Remove organic binders 

slowly in a protective 

atmosphere. 

Heating rate 1 less 

than ℃/min, 

temperature (300-

600 ℃). 

Avoid carbon residue and 

ensure powder purity. 

Vacuum 

Sintering 

Sinter under vacuum or 

inert gas atmosphere to 

achieve densification and 

uniform structure. 

Sintering 

temperature (1350-

1500 ℃), holding 

time. 

Obtain high densification 

and uniform 

microstructure 

distribution. 

Hot 

Isostatic 

Pressing 

(HIP) 

Apply high temperature and 

isostatic pressure to 

eliminate residual pores 

after sintering. 

Pressure (100-200 

MPa), temperature 

(1100-1400 ℃). 

Further enhance strength 

and toughness, and 

eliminate residual 

porosity. 

At the powder stage, it is essential that the hard phase (WC, TiC, TaC, etc.) and the 

binder phase (Co, Ni, etc.) exhibit high purity, narrow particle size distribution, good 

sphericity, and strictly controlled oxygen content and specific surface area, which 

contribute to reducing sintering activation energy and preventing oxidation [28]. Hard 

carbides are generally synthesized via vapor or carbothermal reduction, while binder 

metals are obtained by electrolysis or atomization. Powder pre-treatment and storage in 

an inert atmosphere are necessary to prevent agglomeration and contamination, 
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enabling subsequent uniform dispersion and densification [29]. 

Ball milling is a key step for homogenizing powder mixtures, promoting pre-alloying, 

and refining grains. High-energy or planetary milling is commonly conducted in inert 

or liquid environments, with milling time, rotational speed, and ball-to-powder ratio 

adjusted according to initial particle size and target microstructure. WC-Co alloy balls 

are typically used to avoid carbide fracture and cross-contamination, while grain growth 

inhibitors and dispersants are incorporated to suppress abnormal coarsening and 

agglomeration, thereby ensuring a stable chemical environment for interfacial 

metallurgical bonding. 

 

Fig.6 (a) Possible multi-scale defects in cemented carbides 3D printing. Reproduced 

from Refs, and (b) cemented carbides 3D-printing technologies (adapted from Ref. 

[33]). 

The powder forming method directly determines the density and geometric precision 

of cemented carbide green compacts, and its technological evolution clearly reflects the 

demand-driven development of industrial applications toward complex components, 

environmental friendliness, and microstructural performance optimization. Early 

studies primarily focused on green forming processes. Rose et al. [30] proposed a water-

based gelcasting combined with rapid prototyping (RPGC) process, in which the 

introduction of a non-toxic Isobam binder together with grain growth inhibitors enabled 

the fabrication of WC-10Co components with high density and excellent mechanical 

properties, thereby validating the feasibility of green forming techniques in improving 

both environmental safety and mechanical reliability. With the growing demand for 
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geometrically complex components, 3D printing and additive manufacturing has 

gradually become an important development direction for cemented carbide forming 

(as shown in Fig.6). Chen et al. [31] systematically reviewed two process routes: 

powder bed fusion (PBF) and forming-debinding-sintering (FDS). They highlighted 

that PBF urgently requires solutions for crack prevention and porosity control, whereas 

FDS, owing to its compatibility with powder metallurgy, demonstrates strong potential 

for producing high-performance components.  

 

Fig.7 Schematic diagram for showing the microstructure of Ni/WC composite coatings 

with various wire transfer modes, (a) liquid spreading transfer, (b) wire plunging 

transfer, and (c) wire stubbing transfer (adapted from Ref. [36]). 

In practical applications, Miranda et al. [32] employed laser powder bed fusion (L-PBF) 

to fabricate WC-Co and NbC-based cemented carbides, revealing the decisive influence 

of laser power and scanning speed on microstructural features and defect distribution. 

They further emphasized the application potential of NbC-based materials in terms of 

resource substitution and corrosion resistance. Ma et al. [33, 34] and Slobodyan et al. 

[35] pointed out that powder engineering parameters (purity, particle size distribution, 
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and sphericity) are critical for achieving high density and dimensional precision. 

Meanwhile, the residual stresses and microstructural heterogeneity that are difficult to 

avoid during laser or electron-beam additive manufacturing must be regulated through 

functionally graded structural design and numerical simulation approaches. Meanwhile, 

Zhao et al. [36] emphasized the application potential of laser additive manufacturing in 

carbide-based composites such as WC, TiC, and NbC, particularly highlighting its 

remarkable advantages in wear resistance, high-temperature performance, and the 

construction of functionally graded structures (as shown in Fig.7). However, the 

formation of non-equilibrium phases and porosity defects caused by rapid solidification 

remains a critical bottleneck limiting its engineering applications. In summary, the 

forming technologies of cemented carbides have gradually evolved from traditional 

powder metallurgy to green processing and laser additive manufacturing, exhibiting 

clear trends toward environmental friendliness, structural complexity, and high 

performance. 

Sintering and post-densification are essential for powder densification, microstructural 

evolution, and mechanical integration [37]. Conventional processes mainly adopt 

vacuum or hydrogen atmosphere sintering at 1350-1500 ℃, with carbon potential 

strictly controlled to prevent η-phase generation or graphite precipitation, while thermal 

cycling is employed to mitigate residual stresses and dimensional distortion. Current 

research has evolved from suppressing macroscopic defects toward microstructure 

optimization and interfacial regulation, forming a hierarchical process framework. 

In the post-sintering machining stage, residual stress prediction models combined with 

nanofluid minimum quantity lubrication (NMQL) effectively suppress grinding-

induced thermal damage and convert surface tensile stresses to compressive stresses, 

enhancing substrate integrity and coating adhesion [38]. Subsequently, laser surface 

treatment has emerged as a key reinforcement technique. Fig.8 illustrates the schematic 

configuration of the laser machining system for cemented carbides, which serves as a 

conceptual basis for understanding current advancements in laser-based manufacturing 

technologies [39]. Moreover, laser-induced micro-texturing demonstrates strong 

coupling with functional coatings, where micro-textures refine AlCrN coating 
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microstructures, increasing hardness and reducing friction, thus enabling integrated 

surface modification and coating deposition [40].  

 

Fig.8 The laser machining process system for cemented carbide (adapted from Ref. 

[39]). 

In terms of post-treatment, hybrid processes such as brush polishing and elastic 

sandblasting effectively optimize surface morphology, improve anti-adhesion 

properties of PVD coatings, and extend tool life under stable machining conditions [41]. 

Meanwhile, coating systems have been further optimized, arc ion plating-derived 

AlTiN composite coatings show stronger interfacial adhesion and improved wear 

resistance, contributing to longer service durations [42]. Furthermore, Yan et al. [43] 
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reported that laser texturing of WC-Co substrates combined with CVD diamond films 

produces wavy interfacial structures that enhance bonding strength, reduce friction, and 

improve wear resistance, underscoring the importance of interfacial engineering under 

high-load, long-service conditions. 

Table.3 Typical extreme service conditions of cemented carbides and associated 

tribological issues 

Extreme service 

condition 

Tribological 

mechanisms 
Failure features Design considerations 

High-

temperature, 

thermal-oxidative 

Adhesive wear, 

oxidative wear, 

thermal fatigue 

Binder softening, 

interfacial oxidation, 

crack propagation 

Binder thermal stability, 

oxidation-resistant 

composition, 

microstructural stability 

Corrosive, wear-

corrosive 

Corrosion-wear 

synergy, 

electrochemical 

dissolution 

Binder dissolution, 

interface degradation, 

wear acceleration 

Corrosion-resistant binder, 

interface stability, surface 

protection 

High contact 

stress 

Fatigue wear, 

impact damage 

Microcrack initiation, 

fatigue spalling 

Strength-toughness 

balance, crack-arresting 

design, gradient structures 

Erosive/slurry 

wear 

Erosion, abrasive 

wear 

Hard-phase damage, 

third-body instability 

Hard-phase size control, 

erosion-resistant surfaces 

Multi-field 

coupling 

Wear-corrosion-

fatigue coupling 

Time-dependent 

degradation, path-

dependent failure 

Multiscale design, coupled 

testing and modeling 

Overall, cemented carbide fabrication requires balancing mechanical performance, 

microstructural uniformity, and cost efficiency. Future developments are expected to 

progress toward greener, smarter, and more efficient approaches, including low-energy 

green sintering, intelligent process control, multi-field coupled fabrication, and 

functionally graded material design via additive manufacturing. However, the practical 

effectiveness of these strategies must ultimately be assessed under extreme service 

conditions, as material performances are controlled by different tribological 

degradation mechanisms in different environments. To clarify this engineering context, 

the typical extreme service conditions of cemented carbides and their associated 

tribological challenges are summarized in Table.3. 
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3. Tribological Behavior of Cemented Carbides under Typical Non-Corrosive 

Wear Mechanisms 

In non-corrosive environments, the tribological behavior of cemented carbides is 

primarily governed by mechanical loading, with contact stress, relative sliding, and 

cyclic loading being the key influencing factors. In the absence of electrochemical 

corrosion or the involvement of reactive media, the typical non-corrosive wear 

mechanisms of cemented carbides mainly include adhesive wear, abrasive wear, fatigue 

wear, oxidative wear, erosive wear, and fretting wear (see Table.4). These wear 

mechanisms not only exhibit distinct material removal modes but also reflect the 

evolutionary pathways of interfacial damage. At the microscopic level, these wear 

processes are typically manifested as plastic deformation, crack propagation, oxide film 

spallation, and particle impact-induced damage. The following sections will 

respectively examine the interfacial wear characteristics, tribological performance, and 

microstructural damage mechanisms of cemented carbides under these wear 

mechanisms. 

Table.4 Classification and characteristics of typical non-corrosive wear mechanisms in 

cemented carbides 

Wear Type 
Primary 

Mechanism 
Typical Features Representative service scenario 

Adhesive 

Wear 

Surface adhesion 

and tearing 

Groove formation, 

surface tearing 

traces 

High-speed cutting, dry/boundary 

lubrication, ultrafine-fine-grained 

WC-Co (low-medium Co) 

Abrasive 

Wear 

Cutting and plowing 

by particles 

Grooves, scratch 

marks 

Drilling/mining, particle-

contaminated/slurry contacts, 

medium-coarse-grained WC-Co 

(high toughness) 

Fatigue 

Wear 

Stress concentration 

and cyclic fatigue 

Surface spalling 

and fatigue-

induced 

microcracks 

Forming dies/forging, cyclic 

contact loading, binderless WC or 

low-binder WC-Co (high 

stiffness) 

Oxidative 

Wear 

Oxide film 

formation and 

spalling 

Brittle oxide layer, 

oxide debris 

High-temperature 

sliding/machining, oxidizing 

environment 
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Fretting 

Wear 

Micro-vibration & 

localized abrasion 

Micro-pits, oxide 

accumulation 

Joints/tooling interfaces, small-

amplitude oscillation 

Erosive 

Wear 

Impact of high-speed 

fluid or particles 

Erosion pits, 

material removal 

Slurry/particle impingement, high-

velocity flow, tough WC-Co 

(typically coarser grains) 

3.1 Adhesive Wear Mechanism 

Adhesive wear in cemented carbides under dry sliding or starved lubrication is 

governed mainly by the binder’s propensity for local micro-welding and its 

shear/thermal stability. The load-transfer capability of the WC skeleton and the integrity 

of the WC-binder interface further modulate the wear severity. It originates from local 

micro-welding within the binder phase under high contact stresses. With continued 

sliding, these junctions are repeatedly sheared, producing transfer-film, localized 

delamination and spallation. The associated frictional heating softens the binder, 

facilitates microcrack initiation and propagation along the WC-binder interface, and 

consequently leads to frictional coefficient fluctuations. The surface-worn features 

include tearing grooves and material transferring, accompanied by a subsurface 

deformation layer. During prolonged service, this progressive damage may evolve into 

severe plastic deformation and ultimately lubrication failure. Fine-/ultrafine-grained 

WC-Co grades improve hardness and edge retention, yet their propensity for adhesion 

is governed by binder softening and surface condition. When intermittent impact or 

severe load fluctuations prevail, toughness-oriented grades (coarser WC or higher Co 

content) are often selected to suppress chipping, at the cost of reduced hardness and 

potentially accelerated wear. 

Focusing on the adhesive wear mechanism, recent studies have investigated mitigation 

and regulation approaches from multiple perspectives. Structural control and coating 

design primarily act by directly suppressing interfacial adhesion and micro-welding 

behavior. In contrast, predictive modeling, as a general analytical tool applicable to 

various wear modes, is employed within the adhesive wear research framework to 

characterize its evolution behavior and critical conditions quantitatively. This approach 

provides theoretical support for material/coating design and service-condition 

optimization, thereby indirectly reducing the risk of adhesive wear. Chen et al. [44] 
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demonstrated that nitriding treatment enhances microstructural densification, thereby 

alleviating adhesive wear through structural control. Zhang et al. [45] and Qiao et al. 

[46] introduced MoS2/PTFE and TiN-WS2 coatings, respectively, with the latter 

exhibiting stable anti-adhesion performance at elevated temperatures through soft-hard 

synergy. Further investigations revealed that the early failure mechanism of coatings is 

not solely attributed to cumulative wear. Sirtuli et al. [47] innovatively proposed that 

initial notch wear originates from adhesion-induced coating delamination, thereby 

challenging the conventional understanding. In terms of prediction and modeling, Hao 

et al. [48] developed a multiscale modeling approach that achieved quantitative 

prediction of adhesive wear, experimentally validated, thus advancing predictive 

methodologies (as shown in Fig.9).  

 

Fig.9 (a) Cutting experimental equipment and measurement system, (b) Tool wear 

during the previous three iterations, (c) Tool wear during the last three iterations, and 

(d) Schematic diagram of the flake peeling process (adapted from Ref. [48]). 

Liu et al. [49] proposed a four-stage evolutionary model that systematically 

summarized the adhesive wear process of cemented carbides. In addition, the 

counterbody plays a critical role in friction systems. Su et al. [50] revealed pronounced 

adhesive wear phenomena in the frictional interaction between WC-based ceramics and 

TC4 alloy, and confirmed the effectiveness of graphene nanoplatelet (GNP) 
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reinforcement (as shown in Fig.10). In summary, research on adhesive wear of 

cemented carbides has gradually evolved into a multi-level framework encompassing 

"mechanistic elucidation-material modification-predictive modeling" providing both a 

theoretical foundation and practical pathway for improving service life and designing 

wear-resistant materials. 

 

Fig.10 (a) Friction coefficient of different WC-ZrO2-Al2O3-GNPs ceramics against 

GCr15 steel ball, (b) Schematic diagram of the relationship between mechanical 

properties and tribological properties of different WC-ZrO2-Al2O3-GNPs ceramics, and 

(c) Relative densities and mechanical properties of different samples (adapted from Ref. 

[50]). 

3.2 Abrasive Wear Behavior 

The introduction of third-body hard particles promotes a mechanistic transition from 

adhesive wear to abrasion. Once embedded at the interface, these particles induce 

severe ploughing and micro-cutting of the binder phase, thereby accelerating damage 

in the adhesive-wear regions and degrading WC-binder interfacial cohesion [51]. The 

worn surfaces are typically characterized by grooves, binder extrusion, and brittle 

fragmentation of WC grains. Abrasive wear generally results in a higher and less 

fluctuating coefficient of friction than adhesive wear, and the wear rate is governed by 

particle hardness, size, and spatial distribution [52]. When the particle size markedly 

exceeds the WC grain size, local stress concentrations can trigger macroscopic 

spallation, leading to unstable damage propagation [53]. Abrasive wear is prevalent in 

particle-rich environments (e.g., drilling and mining), where entrained sand/cuttings 
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induce plowing on cemented carbides. Fine-/ultrafine-grained WC-Co grades with high 

hardness are generally favored to mitigate groove formation. When pronounced impact 

or load pulsations coexist, medium- to coarse-grained and higher-toughness WC-Co 

grades are often selected to reduce brittle cracking and spalling, albeit with a potential 

penalty in abrasive wear resistance due to lowered hardness. 

 

Fig.11 Schematic representation of the surface and subsurface microstructural 

evolution of cemented carbide under combined impact–abrasion conditions, 

highlighting the formation of a mechanically mixed layer and compacted zone 

accompanied by transgranular and intergranular cracking (adapted from Ref. [57]). 

Studies indicate that abrasive wear mechanisms in cemented carbides have evolved 

from simple micro-cutting and brittle fracture to multi-coupled processes involving 

binder removal, interfacial reaction film formation, and surface structural effects [54]. 

Suppression strategies now form a systematic framework integrating process 

optimization and lubrication control [55], interfacial product regulation [56], 

microstructural parameter optimization (as shown in Fig.11) [57], abrasive 

characteristic adjustment [58-60], and surface engineering modification [61]. Antonov 

et al. [57] developed a wear map based on WC grain size and Co content, revealing that 

medium grains with 6-8% Co provide optimal resistance under impact-abrasive 

conditions. Fang et al. [61] used laser surface texturing to stabilize lubrication films and 
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geometry, demonstrating a synergistic pathway between surface engineering and 

lubrication. Overall, abrasive wear in cemented carbides is primarily driven by third-

body particle entrainment that induces plowing and promotes binder removal and WC 

fragmentation. Accordingly, recent advances focus on multiscale microstructural 

optimization and surface functionalization, shifting from hardness-oriented strategies 

to comprehensive anti-wear systems integrating material design, process control, and 

surface modification. 

 

Fig.12 Schematic diagram of manufacturing methods, properties, additives, 

applications, and development trends of FGCCs (adapted from Ref. [64]). 

3.3 Fatigue-Induced Wear and Crack Evolution 

Following adhesive and abrasive damage, stress concentrations and crack initiation 

sites develop at the contact interface, facilitating the onset of fatigue wear. Fatigue wear 

is frequently encountered in intermittent cutting, forming dies, and rolling-sliding 

contacts, where cyclic contact stresses promote subsurface damage accumulation, crack 

initiation, and spalling. With increasing sliding cycles, the worn-surface integrity 

deteriorates, manifested by a gradual increase in the coefficient of friction and 

subsurface spallation. For cemented carbide components subjected to periodic impacts 
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(e.g., drill bits and gear contacts), fatigue cracks preferentially nucleate within binder-

rich regions or along mechanically weak WC-binder interfaces; the crack path and spall 

size are further influenced by the WC grain scale and the load-sharing capability of the 

WC skeleton. Importantly, interfacial susceptibility is governed not only by geometric 

bonding but also by the binder constitution that provides shear resistance under cyclic 

loading. Characteristic features include spallation pits and flake-like fracture surfaces. 

The wear debris predominantly appears as flakes or fragments. Notably, fatigue wear is 

controlled not only by the magnitude of cyclic loading, but also by the cumulative 

effects of preceding adhesive and abrasive damage, which are often most pronounced 

at intermediate loads and sliding speeds. 

Recent studies indicate that fatigue wear resistance of cemented carbides is primarily 

enhanced through microstructural optimization and surface engineering [62]. In 

microstructural optimization, grain refinement and binder phase regulation are key to 

controlling fatigue crack evolution. Wu et al. [63] demonstrated that increasing WC 

content promotes fine-grained structures and frictional oxide film formation, which 

suppresses fatigue spallation. Cai et al. [64] showed that grain refinement, optimized 

binder morphology, and solid-solution strengthening improve thermal shock resistance, 

plastic deformation tolerance, and fatigue wear resistance by enhancing binder work-

hardening capacity (as shown in Fig.12). 

In terms of surface engineering, studies focus on dispersing cyclic stresses and delaying 

crack initiation via structural design. Tong et al. [65] showed that laser micro-texturing 

traps abrasive particles and attenuates stresses, thereby slowing crack evolution. Zhang 

et al. [66] reported that Cr coatings relieve stresses and shift the failure mode to surface 

spallation, preventing substrate fatigue cracking. Overall, grain refinement and binder-

phase regulation enhance interfacial stability and resistance to crack initiation, whereas 

coatings and micro-textures can mitigate fatigue wear damage by redistributing contact 

stresses and promoting a more controlled failure mode [67]. 

3.4 Oxidative Wear at Elevated Temperatures 

Oxidative wear at elevated temperatures is often associated with high-speed dry sliding 

or starved lubrication and is characterized by repetitive oxide-scale formation, rupture, 
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and regrowth. From a microstructural perspective, oxidative wear is governed by the 

load-bearing capacity of the WC skeleton and by the binder phase stability against 

thermal softening and oxidation. It is further modulated by the WC-binder interfacial 

integrity, which controls interfacial shear resistance and the stability of the oxide scale. 

Fine-grained WC-Co grades, often combined with binder modifications, are commonly 

used to enhance microstructural stability at high temperatures [68]. Co/Ni binders 

preferentially oxidize to CoO/NiO, while WC may form brittle WO3 at elevated 

temperatures, resulting in a composite oxide scale. During early wear, the friction 

coefficient often rises initially and approaches a quasi-steady level as the oxide layer 

develops. However, once the oxide scale becomes mechanically unstable (e.g., 

excessive thickening and/or embrittlement), fragmented oxides act as third-body 

abrasives and promote secondary wear [69]. Consequently, worn surfaces exhibit 

layered spallation, porous oxide accumulation, and oxide-fracture boundaries, which 

collectively undermine the high-temperature wear stability of cemented carbides [70, 

71]. 

A critical transition occurs around 600 ℃, where WO3 and Co3O4 films form on WC/Co 

surfaces, reducing the friction coefficient from ~0.30 at 200 ℃ to ~0.05 [72]. However, 

these porous films are prone to spallation, causing increased wear rates despite friction 

reduction. Microstructural effects show a double-edged role of refinement: nano-WC, 

due to its high surface area, undergoes accelerated oxidation, with the wear rate at 600 ℃ 

approximately four times higher than that of micron-scale WC, and oxygen content 

increasing to 31.5 wt.% [73]. Thus, excessive refinement compromises oxidation 

resistance, whereas fine grains improve room-temperature wear performance. Ju
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Fig.13 (a) Schematic diagram of the sintering equipment, (b) sintering process curve, 

(c) Schematic diagram of the friction and wear test device, (d), (e) schematic diagram 

of friction of the sample with 0 wt% MLG, and (f), (g) schematic diagram of friction 

of the sample with 0.1 wt% MLG (adapted from Ref. [75]). 

In practical machining, oxidation often couples with other wear mechanisms, resulting 

in composite failures. Ultrafine WC-Co tools fabricated via SPS exhibited adhesive-

diffusive-oxidative wear when dry-cutting Ti-6Al-4V, yet their service life increased by 

1.6-1.8 times compared with YG8 tools [74], indicating that microstructural regulation 

can partially alleviate oxidation-dominated failure. In terms of material modification, 

small additions of carbon nanostructures are highly effective. Luo et al. introduced 0.1 

wt.% multilayer graphene, suppressing Co embrittlement and achieving a 98% wear 

volume reduction, with hardness and toughness increasing by 14.5% and 71.8%, 

respectively [75], demonstrating graphene’s potential for enhancing oxidation 

resistance (as shown in Fig.13). Surface engineering provides a more direct strategy: 
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while multilayer coatings such as TiN/TiCN/Al2O3 maintain high-temperature stability, 

TiSiCN CVD coatings retain high hardness at 900-1100 ℃ and extend tool life by ~30% 

over TiAlN [76], making them a promising solution for oxidative wear. Overall, 

existing studies indicate that oxidative wear is strongly temperature-sensitive and 

microstructure-dependent, and that bulk microstructural tailoring and carbon 

nanostructure additions have been explored to improve high-temperature performance. 

In engineering practice, multilayer and composite coatings remain key strategies for 

enhancing oxide-scale stability. 

3.5 Erosive Wear under High-Velocity Particle Impact 

Erosive wear arises from the repetitive impingement of solid particles or liquid droplets 

in high-velocity fluid streams on material surfaces [77]. These conditions are typically 

addressed by medium- to coarse-grained WC-Co grades with enhanced toughness to 

suppress edge chipping. In the presence of extremely hard particles, hardness is often 

increased within an acceptable toughness window to improve resistance to micro-

cutting. It is characterized by surface pitting, micro-cutting, and thermo-mechanical 

coupled damage [78]. In cemented carbides, the binder phase is often damaged under 

impact-induced stress concentrations, which can trigger local plastic deformation, 

binder fracture, and WC particle spallation, producing characteristic erosion pits, radial 

cracking and fragmented regions. The erosion mechanism is strongly angle-dependent: 

low impingement angles tend to promote shear-dominated plowing, whereas high 

angles favor normal indentation and cracking [79, 80]. With prolonged exposure, 

impact-induced defects may facilitate crack growth and accelerate fatigue crack 

propagation, leading to delamination and granular spallation. 

Regarding the erosive wear of cemented carbides, research has developed a complete 

pathway from mechanistic understanding to design optimization. Current studies 

emphasize rate-dependent erosion behavior and crack-dominated mechanisms. Bose et 

al. [81] reported that CVD B13C2/WC-Co coatings follow power-law wear (exponent 

≈1.2) at velocities of 150–250 m/s, with a critical transition at ~100 m/s. A 13 μm 

coating outperformed an 18 μm one, highlighting the importance of thickness and 

interfacial design in crack suppression. Antonov et al. [82] showed that fine particle 
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retention induces stress concentrations, with maximum wear under mixed sand at 80 

m/s. In contrast, coarse sand alone promoted a SiO2 layer covering 70-90% of the 

surface (vs. 30-50% under mixed sand), with velocity exponents m ≈1.32-1.95, 

underscoring the key role of third-body effects. Under extreme erosion, Kulu et al. [83] 

proposed design criteria including porosity <3%, compressive residual stress, and dual-

binder structures, achieving erosion resistance 10-12 times higher than steel at 30° 

impact and 2-2.5 times at 90°. Overall, erosive wear studies have gradually shifted from 

crack-driven damage and spallation toward a multi-mechanism-based interpretation 

that accounts for third-body particle generation, retention, and re-impingement during 

repeated impacts. More recent studies increasingly emphasize structure-informed 

design, where microstructural parameters (e.g., binder-phase stability, carbide grain 

size, defect population, and interfacial integrity) are tailored to balance hardness with 

fracture resistance under particle impingement, rather than relying on hardness as a 

single performance descriptor [84]. 

 

Fig.14 (a) HCPEB treatment of WC-Co impact needle, (b) untreated SEM morphology, 

(c-d) initial RTS distribution in WC and Co phases, (e) simulated quasi-static stress 

field, (f) enhanced surface hardness, and (g) improved wear resistance (adapted from 

Ref. [87]). 

3.6 Fretting Wear under Micro-Amplitude Vibrations 

Fretting wear occurs under conditions where small-amplitude relative displacements 

(typically less than 100 μm) exist between two contact surfaces, and is commonly 

observed at interfaces of fastened joints, interference fits, and vibrating structures [85]. 

Microstructurally, fretting wear is governed by the cyclic shear stability of the binder 
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and the WC-binder interfacial integrity, with interfacial complexion controlling 

debonding and WC pull-out. This wear mechanism results from coupled effects of 

mechanically induced abrasion, frictional oxidation, and microcrack accumulation 

under small-scale sliding. Tribologically, fretting wear typically exhibits an initial sharp 

rise in friction coefficient followed by stabilization, with surface evolution 

characterized by cyclic "oxidation-spallation-reoxidation". Typical morphologies 

include annular oxide zones, crack propagation bands, and fatigue lamellar spallation. 

Selective binder damage and WC particle interfacial disintegration are distinctive 

features of fretting wear. A medium-grained WC-Co grade with a balanced hardness-

toughness is preferred to suppress crack nucleation and delamination while limiting 

third-body abrasion. 

Research on fretting wear of cemented carbides primarily focuses on surface 

modification, surface state regulation, and compositional optimization, forming a 

systematic pathway from microstructural control to service performance enhancement 

[86]. In surface modification, high-current pulsed electron beam (HCPEB) treatment 

refines WC grains to ~0.1 μm, redistributes residual stress to -506 MPa, and enhances 

hardness by 39%, resulting in a 71.4% reduction in wear volume (as shown in Fig.14) 

[87]. In terms of surface state regulation, interfacial friction conditions strongly affect 

fretting behavior. Grinding reduces the friction coefficient by ~7.3% and wear volume 

by 18% [88], while increasing counterbody roughness decreases wear volume by an 

order of magnitude [89], highlighting the importance of counter-surface morphology. 

For compositional optimization, introducing composite reinforcing phases effectively 

enhances performance. MoSi2 addition stabilizes the specific wear rate of TiB2-based 

ceramics at ~10-6 mm3/N·m [90], and incorporating 6 wt.% Mo2C into Ti(C,N)-based 

ceramics increases hardness to 17.86 GPa and toughness to 7.27 MPa·m1/2, while 

reducing the friction coefficient and wear rate to 0.49 and 0.9×10-6 mm3/N·m [91]. 

Overall, studies on fretting wear of cemented carbides increasingly emphasize 

integrated strategies that combine surface modification, surface-state control, and 

compositional design. These approaches aim to refine near-surface microstructures, 

improve fretting resistance, and maintain an acceptable strength-toughness balance, 
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thereby providing mechanistic guidance for more reliable service under demanding 

conditions. 

3.7 Coupled wear-mechanism interactions under non-corrosive conditions 

Under non-corrosive service conditions, the wear of cemented carbides typically 

involves the characteristics of multi-mechanism parallelism and dominant mechanism 

transformation. Any single wear mechanism is usually only suitable for short-term or 

narrow working conditions. As friction proceeds, coupled feedback may be formed 

among the interfacial shear instability, the third-body generation and the entrainment of 

wear debris, which together affect the evolution process of the tribological properties. 

Accordingly, the typical wear mechanisms such as adhesion, abrasive, fatigue, 

oxidation, erosion and fretting should be treated as mechanistic constituents of an 

integrated tribological process, rather than the independent failure modes under 

complex conditions. 

The most representative coupling path is the transition from adhesive wear to abrasion 

driven by adhesive-derived debris. During the initial adhesive regime, local micro-

welding within the binder phase and its periodic shear rupture dominates the interfacial 

damage, giving rise to a transfer layer accompanied by tearing grooves and localized 

spallation. Subsequently, the wear debris and the broken WC particles together become 

entrained and retained within the contact, forming a third-body layer. Consequently, the 

prevailing damage mode progressively shifts from adhesive shear instability to 

abrasion-controlled material removal, characterized by ploughing and micro-cutting. 

Consistent with this transition, the surface morphologies evolve from spallation/tearing 

features to well-defined furrows and grooves. Moreover, as the third-body shear and 

the real contact state tend to be dynamically balanced, the friction coefficient tends to 

evolve from large fluctuations to a relatively stable level, whereas the wear rate may 

increase due to intensified abrasive action. 

Under higher load, severe cycling, or high-temperature conditions, wear coupling in 

cemented carbides commonly undergoes two key mechanistic transitions. First, defect-

assisted fatigue spalling becomes prominent. The abrasive particles' ploughing and 

erosion promote microcracks at the friction interface. These cracks subsequently initiate 
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and propagate under alternating shear stresses, potentially leading to interfacial 

delamination and spallation. As a result, the wear mechanism shifts from instantaneous 

material removal to a crack propagation-stripping process. Second, the oxide-derived 

third-body may be progressively abraded. Although an oxide film can form a low-

friction-film, it is prone to break and peel off and induce secondary wear when the film 

is loose, brittle or thinner than the critical stable thickness, forming a friction-wear 

decoupling phenomenon. In summary, considering the universality of multi-mechanism 

coexistence and phased transformation under practical operating conditions, it is 

necessary to complement "single-mechanism" descriptions of non-corrosive wear in 

cemented carbides with a coupling-transition perspective. This integrated view 

improves the interpretability of wear evolution and broadens the applicability of 

mechanistic conclusions across varying regimes.  

4. Corrosion-Wear Performance of Cemented Carbides 

4.1 Characteristics of Corrosion-Wear 

Corrosion-wear is a non-equilibrium process driven by coupled mechanical removal 

and electrochemical reactions, characterized by cyclic passivation film formation, 

rupture, and reformation accompanied by material loss. In cemented carbides, 

degradation is dominated by strong mechanical-electrochemical synergy. The potential 

difference between hard and binder phases induces micro-galvanic cells, causing 

selective binder dissolution, weakened interfacial bonding, and carbide pull-out. 

Concurrently, a third-body layer formed by oxides and corrosion products evolves 

under shear, regulating frictional response and stress distribution. Under the coupling 

of frictional heating, corrosion, and fluid shear, nonlinear interfacial responses arise, 

typically leading to grain boundary disintegration, lamellar spallation, and plowing-

induced damage. 
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Fig.15 (a) Schematic of metallurgical process of the composite coatings during the 

cooling process, and (b) The schematic of wear process of prepared composite coatings 

(adapted from Ref. [94]). 

Recent advances have clarified corrosion-wear mechanisms of cemented carbides and 

improved performance. Studies indicate that enhancing wear and corrosion resistance 

requires both carbide dispersion strengthening and high electrochemical stability of 

coating interfaces, as well as strong binder-carbide bonding. Zhan et al. [92] fabricated 

Ni60-based TiC/NbC composite coatings via laser cladding and showed that NbC-

induced lattice distortion and dispersed carbide phases increased hardness to 981-1045 

HV and reduced wear rate to 1.31×10-5mm3·N-1·m-1. Additionally, a stable passive film 

formed in 3.5 wt.% NaCl reduced corrosion current density to 1.73×10-6 A·cm-2, 

demonstrating excellent synergistic wear-corrosion resistance. 

Fan et al. [93] deposited WC/TiC/Ni coatings on Ti-6Al-4V, achieving a hardness of 

~830 HV (2.44× higher than the substrate) and reducing the wear rate by ~36%. 

Nevertheless, pitting and galvanic corrosion persisted in acidic environments, 

indicating that interfacial potential differences dominate local failure. To enhance 

binder-carbide interfacial integrity. Petrosyan et al. [94] introduced a rhenium layer via 
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thermal diffusion, forming a continuous solid solution with Co. This significantly 

improved interfacial bonding, decreased carbide content in wear debris by 2.0-2.4 times, 

and effectively mitigated particle pull-out and grain boundary degradation (as shown in 

Fig.15). Recent studies have elucidated the coupled mechanisms of passive film 

evolution and interfacial degradation in corrosion-wear of cemented carbides through 

carbide synergistic strengthening, potential regulation, and interfacial solid-solution 

reinforcement, thereby guiding the design of high-stability coating systems [95]. 

4.2 Influence of Corrosive Media on the Tribological Performance of Cemented 

Carbides 

The chemical characteristics of corrosive media critically govern the failure rate and 

dominant wear mechanisms of cemented carbides under friction. Ion species, pH, 

dissolved oxygen, temperature, and flow velocity modulate the competition between 

de-passivation and re-passivation, increasing friction coefficient and volumetric wear. 

Strong Cl- adsorption facilitates pit initiation and hinders re-passivation, while 

competitive SO4
2-/Cl- adsorption alters passive film compactness and defect density, 

affecting interfacial stability. In neutral to weakly alkaline environments, dissolved 

oxygen accelerates cathodic reduction and enhances anodic dissolution, whereas 

increased acidity intensifies binder phase leaching. Elevated temperature promotes ion 

diffusion and interfacial reaction kinetics, leading to frequent film 

dissolution/regeneration and thermal stress accumulation due to mismatched expansion 

coefficients, ultimately causing cracking and spallation. High flow velocity intensifies 

interfacial shear and mass transfer, thereby inducing flow-accelerated corrosion (FAC), 

especially when coupled with erosive effects. The presence of suspended particles 

transforms third-body layers from protective oxide films into abrasive debris, 

significantly increasing material removal and synergistic wear. Consequently, wear 

failure in corrosive environments is closely associated with passive film compactness 

and electrochemical stability, and studies indicate that optimizing coating architecture 

and re-passivation kinetics markedly improves corrosion-wear resistance [96].  

TiAlVN coatings deposited at 0.6 Pa formed a fine-grained dense structure, reducing 

the self-corrosion current density from 223.8 μA·cm-2 to 6.16 μA·cm-2, increasing the 
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polarization resistance to 1592 Ω, and lowering the wear rate by 2.5 times, indicating 

that the composite oxide film effectively suppresses Cl- attack [97]. Among complex 

multi-ion, multiphase, and fluid systems, natural seawater is the most representative 

coupled environment due to its high Cl- concentration, elevated dissolved oxygen, and 

continuous flow [98]. Therefore, elucidating the synergistic effects of galvanic 

amplification, passive film destabilization, and flow-particle interactions under 

seawater conditions is crucial for identifying dominant failure mechanisms in 

engineering applications [99]. 

4.3 Influence of Seawater Environment on the Wear-corrosion Performance of 

Cemented Carbides 

Natural seawater (~3.5 wt.% salinity, pH≈8.0-8.3, containing Cl-, SO4
2-, Mg2+/Ca2+, 

enriched in dissolved oxygen, and exhibiting fluidity) represents both the typical and 

complex wear-corrosion environment for cemented carbides. Its high Cl- concentration, 

dissolved oxygen, and flow conditions significantly accelerate the corrosion-wear 

process of cemented carbides. The main characteristics can be summarized as follows: 

4.3.1 Selective Dissolution and Galvanic Driving 

In seawater, the failure of WC-based cemented carbides is predominantly driven by 

selective binder dissolution and galvanic effects from micro-cells. The chemical 

compatibility of the friction pair critically determines tribological performance: pairing 

with tin bronze yields an ultralow friction coefficient of 0.02-0.03, whereas 316L 

stainless steel or TC4 alloy induces rapid failure due to transfer film formation [100]. 

Binder phase modification studies indicate that substituting Ni for Co effectively 

reduces galvanic coupling, WC-6Ni exhibits a lower friction coefficient (0.17-0.20) and 

shallower wear tracks compared to WC-6Co in seawater [101]. Further alloying with 

Cr and Mo significantly improves corrosion resistance: relative to WC-Co, the open-

circuit potential shifts positively by ~400 mV, the corrosion current density decreases 

by an order of magnitude, and the charge transfer resistance increases to 106 Ω·cm2. At 

~0.6 wt.% Mo, pitting inhibition is most pronounced, demonstrating that Ni-Cr-Mo 

binders can form stable passive films and markedly enhance corrosion resistance [102]. 

Engineering lifetime tests corroborate these mechanisms.  
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Fig.16 (a) electrochemical workstation, (b) standard three-electrode device, (c) working 

electrode, (d) UMT TirboLab friction and wear tester, (e) Principle of experimental 

structure, and (f) Schematic of the wear mechanism of the WC-hNi/SiC tribopair in 

seawater (adapted from Ref. [104]). 

For example, WC-8Co exhibits an ultralow friction coefficient (0.01-0.02) in self-

mated pairs under artificial seawater, however, the wear rate of the stationary ring is 

approximately three times higher than that of the rotating ring, attributed to particle 

pull-out and plowing wear induced by Co dissolution [103], indicating strong 

dependence on binder composition. Subsequent studies identified a Ni-content window 

effect: WC-9Ni exhibited optimal corrosion resistance in seawater, with an icorr of 

7.27×10-7 A·cm-2 and a corrosion rate of 0.0046 mm·a-1, whereas deviations from this 

composition resulted in significant performance degradation (as shown in Fig.16) [104]. 

In coating systems, high-entropy alloy (CoCrFeNi) binders increased E_corr to -230 

mV and reduced icorr to 1.3 μA·cm-2 [105]. Likewise, Fe-based amorphous composite 

coatings, leveraging dense amorphous structures and multi-element alloying, reduced 

corrosion current by approximately an order of magnitude and exhibited no pitting 

[106]. Overall, counterbody selection, binder phase optimization, alloying regulation, 

and advanced coating design collectively suppress galvanic effects and selective 

dissolution in seawater, providing systematic strategies for the long-term durability of 

WC-based cemented carbides. 
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4.3.2 Film Embrittlement and Rapid Renewal 

In seawater wear-corrosion environments, coating embrittlement and rapid renewal 

mechanisms have become key research priorities [107,108]. Recent findings indicate a 

shift from isolated enhancement of corrosion or wear resistance toward an integrated 

optimization strategy of "structural densification-interfacial stabilization-self-healing" 

[109,110]. For instance, multilayer chromium coatings suppress Cl- penetration through 

crack-arresting and stress-relief mechanisms, exhibiting excellent crack passivation and 

re-passivation capabilities. These films achieved a corrosion current density as low as 

6.65×10-7 A·cm-2 and a wear rate reduced to 3.48×10-5 mm3·N-1·m-1 [111]. 

PVD TiCN coatings, characterized by a high hardness of 31.6 GPa and a non-columnar 

microstructure, achieved an ultralow wear rate of 1.07×10-6 mm3·N-1·m-1 in artificial 

seawater, significantly outperforming TiN and uncoated substrates and demonstrating 

strong resistance to film embrittlement [112]. Overall, recent advances indicate a 

transition from isolated improvements in corrosion or wear resistance to an integrated 

optimization strategy of structural densification-interfacial stability-self-healing. 

Through interfacial stabilization and rapid re-passivation driven by self-healing 

mechanisms, coatings deliver durable tribo-corrosion protection in seawater 

environments. 

4.3.3 Flow and Erosion-Corrosion Coupling 

Although current studies have revealed aspects of flow- and erosion-corrosion coupling 

in seawater for cemented carbides, a comprehensive mechanistic understanding 

remains limited. Regarding binder phase effects, the Ni/Co ratio strongly influences 

erosion-corrosion performance in Ti(C,N)-based cermets: introducing an optimal Co 

content reduces wear rate from 35.7×10-3 mm3/h to 17.7×10-3 mm3/h, whereas excess 

Co induces embrittlement and deteriorates performance, underscoring the need to 

balance hardness and toughness [113]. Additionally, impact angle studies show that 

Mo2NiB2-Ni cermets exhibit cutting-dominated wear at low angles and impact-

dominated wear at high angles, with the Ni binder phase playing a key role in 

suppressing crack propagation within the ceramic skeleton (as shown in Fig. 17) [114]. 

However, most studies have employed single-impact-angle tests, which do not fully 

Ju
st

 A
cc

ep
te

d



 

38 
 

capture the complexity of real flow fields. Microstructural refinement has been shown 

to enhance erosion–corrosion resistance significantly. For instance, nanostructured 

Cr3C2-NiCr and WC-based coatings exhibit superior performance due to grain 

refinement strengthening and rapid re-passivation [115], while Fe/TiC-based coatings 

maintain stable wear and corrosion resistance in artificial seawater through matrix–

reinforcement synergy [116]. Overall, binder phase regulation, impact angle effects, 

and microstructural optimization represent current advancements, yet systematic 

research on multi-factor coupling mechanisms remains urgently required. 

 

Fig.17 (a) The erosion tester and schematic representation, (b)-(e) The schematic 

diagram of sample and fixture with different impact angles, and Wear surface of 

Mo2NiB2 ceramic skeleton at 12 h of impact angle: (a) 0°, (b) 30° and (c) 60° (adapted 

from Ref. [114]). 

In seawater environments, cemented carbide failure is further influenced by fretting and 

biological factors in addition to corrosion. Under wave-induced vibration, interference-

fit interfaces experience fretting tribo-corrosion characterized by cyclic "oxidation-

spallation-reoxidation" during which the binder phase is preferentially degraded, 

leading to premature localized failure. Meanwhile, biofouling and microbial activity 

induce interfacial pH fluctuations and release corrosive metabolites (e.g., sulfides), 

impairing re-passivation and accelerating pitting-type tribo-corrosion. Although current 

research is limited, these effects may significantly intensify material degradation. Given 

the high-frequency de-passivation and rapid film renewal in seawater, durability 

enhancement relies on stabilizing galvanic systems, mitigating thermomechanical film 
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destabilization, and reducing flow/particle-induced de-passivation. Consequently, 

systematic investigation of binder alloying, microstructural engineering, and 

multifunctional coatings is essential for extending service life. 

4.4 Corrosion-Wear Resistance Mechanisms of Cemented Carbides 

The corrosion-wear resistance of cemented carbides arises from the interplay of de-

passivation and re-passivation dynamics, galvanic effects, thermal stress, erosion-

corrosion coupling, and corrosion fatigue, which are governed by binder composition, 

microstructural scale, and surface state. Alloying with Ni-Cr, Fe-Ni-Co, or high-entropy 

binders improves interfacial electrochemical uniformity and reduces binder dissolution, 

while reinforcing phases (e.g., VC, Cr3C2, TaC) enhance binder strength and mitigate 

erosion damage. Grain refinement and graded architectures improve thermal 

conductivity and reduce thermal stress-induced cracking. Pre-alloyed powders, 

interfacially active elements, and HIP densification strengthen carbide-binder bonding 

and delay corrosion fatigue crack propagation. Surface texturing improves load capacity, 

whereas nanostructured or self-healing coatings promote rapid re-passivation, 

effectively reducing fretting corrosion. 

Although compositional, microstructural, and surface-level strategies provide 

multidimensional optimization pathways, current research lacks quantitative evaluation 

of the relative contribution and interaction of failure mechanisms under varying service 

conditions, limiting the establishment of unified failure criteria. In addition, the long-

term reliability of cemented carbides under multi-physics coupling and the stability of 

surface-engineered modifications remain insufficiently validated. Future work should 

focus on developing cross-scale evaluation frameworks integrating experimental 

simulation, mechanistic modeling, and service life prediction to achieve a transition 

from localized protection to holistic steady-state control, thereby ensuring reliable 

performance in complex marine environments. 
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5. Surface Strengthening and Protection Strategies for Cemented Carbides 

Previous studies indicate that failure of cemented carbides in wear–corrosion-coupled 

environments primarily stems from uncontrolled microstructural evolution and 

degradation of surface protective films. Enhancing service stability therefore requires 

synergistic regulation of multiscale structures and interfacial reactions to construct a 

strengthening system with high thermodynamic stability and self-passivation capability. 

Fundamentally, tribology-oriented surface strengthening and protection strategies for 

cemented carbides are achieved through the coordinated design of hard phases, binder 

phases, and additives, aiming to regulate interfacial shear behavior, third-body 

dynamics, and wear mechanisms across multi-scales (see Table.5). To further clarify 

the performance-governing relationships in cemented carbides, Fig.18 schematically 

summarizes the surface technologies related to cemented carbides. This chapter 

addresses surface strengthening and protection strategies for sintered cemented 

carbides as the substrate, including microstructural tailoring, PVD/CVD coatings, and 

surface texturing.  

Table.5 Tribology-oriented surface strengthening and protection strategies for 

cemented carbides  

Strategy 

category 

Strengthening 

approach 

Key 

tribological 

effect 

Representative 

systems 

Tribological 

benefit 

Microstructural 

design 

Grain 

refinement & 

gradient 

structure 

Suppresses 

abrasive and 

micro-cutting 

wear 

Submicron/nanocrys

talline WC, gradient-

grained WC-Co 

Improved abrasive 

wear resistance 

Hard-phase 

design 

Multi-carbide 

solid solution 

Reduces 

carbide pull-out 

during sliding 

WC-TiC-TaC, WC-

Ti(C,N) 

Enhanced wear and 

oxidation 

resistance 

Binder-phase 

optimization 

Binder 

composition 

control 

Stabilizes 

carbide-binder 

interface under 

wear-corrosion 

Co-, Ni-, Fe-based 

binders 

Reduced wear-

corrosion 

degradation 
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Grain-growth 

inhibition 

Grain boundary 

segregation 

Limits third-

body debris 

generation 

VC, Cr3C2, NbC 

additives 

Improved wear 

stability 

Dispersion 

strengthening 

Nanoparticle 

dispersion 

Resists plastic 

deformation 

under sliding 

Al2O3, SiC, Ti3SiC2, 

TiN/TiCN 

nanoparticles 

Enhanced sliding 

wear resistance 

Alloying 

modification 
Binder alloying 

Forms 

protective 

tribo-oxide 

layers 

Microalloying with 

Cr, Mo, W, Y, Ce 

elements 

Mitigated 

corrosion-assisted 

wear 

Lubrication 

design 

Solid lubricant 

incorporation 

Lowers 

interfacial shear 

stress 

Graphite, MoS2, h-

BN, graphene-based 

nanolayers 

Reduced friction 

and wear 

Densification 

processing 

Porosity 

suppression 

Reduces 

contact fatigue 

damage 

SPS, HIP, vacuum 

sintering 

Improved fretting 

resistance 

Gradient or 

layered 

structuring 

Layered & 

gradient 

architecture 

Redistributes 

contact stress 

Gradient WC-Co 

structures 

Enhanced wear 

durability 

5.1 Types and Grain Size of Hard Phases 

The crystal structure and grain size of hard phases govern baseline hardness, critical 

wear stress, and thermo-corrosion stability. Optimizing carbide composition and 

regulating grain size and contiguity enables a balanced hardness-toughness-corrosion 

resistance profile, providing a stable structural foundation for binder and surface 

engineering. 

WC-based cemented carbides dominate due to high hardness and thermal conductivity 

but suffer grain coarsening and softening under erosion–corrosion, necessitating multi-

component regulation. TiC/Ti(C,N) improves oxidation and diffusion resistance and 

refines WC lamellae, enhancing low-stress wear resistance, although excessive γ-phase 

formation may reduce compressive strength under high stress [117]. TaC/NbC additions 

enhance red hardness and chemical stability. Multiphasic systems such as WC-TiC-TaC 

form thermally stable cubic γ-phases that suppress abnormal grain growth and facilitate 

passive film formation in oxygen-/chloride-rich environments, reducing third-body 

fragmentation. 
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Fig.18 Surface modification technologies for improving tribological properties of 

cemented carbides (adapted from Ref. [37]). 

Grain refinement to <1 μm increases hardness and critical cutting stress but elevates 

interfacial reactivity and brittleness, requiring inhibitors (e.g., VC, Cr3C2) and dense 

sintering (SPS/HIP) [118]. Conventional 1-5 μm grains enhance crack deflection under 

impact and corrosion fatigue. Gradient grain architectures, combining a fine-grained 

surface with a coarse-grained core, achieve surface anti-plowing resistance and core 

load-bearing toughness, enabling multiscale performance synergy. 

Microstructural connectivity is critical to wear–corrosion synergy. Insufficient WC 

contiguity and an excessively long binder mean free path reduce load-bearing capacity 

and intensify localized corrosion. In contrast, a uniform skeleton and controlled phase 

boundary distribution support continuous third-body layer formation and limit galvanic 

localization. Nanocrystalline gradient architectures offer a promising alternative to 

conventional microstructures. Studies indicate that stabilizing WC grain sizes at 149-

170 nm with gradient layers of 33-55 μm maintains high hardness (HV ≈ 2200) while 

improving fracture toughness to 10.5-10.9 MPa·m1/2. In Ti alloy cutting, such tools 

exhibit a wear depth of only 0.096 mm after 1000 m, approximately 35% lower than 

reference samples [119]. Overall, research has progressed from single grain refinement 
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to multiscale inhibition strategies, with nanocrystalline gradient designs demonstrating 

high potential for improving both wear and corrosion resistance. 

5.2 Composition and Content of the Binder Phase 

The binder phase governs interfacial toughening, energy dissipation, and 

electrochemical stability, regulating the balance between film degradation and re-

passivation under wear-corrosion coupling. Tailoring its composition, content, and 

carbon balance enables optimized hardness-toughness synergy while mitigating 

chloride-induced dissolution. Co-based binders exhibit good wettability but suffer from 

high anodic dissolution in Cl- environments. Ni-based binders form more stable passive 

films, whereas Fe-Ni-Co binders offer cost-effective performance and can be 

strengthened via Cr/Mo alloying. High-entropy alloy (HEA) binders provide superior 

thermal and corrosion stability due to high configurational entropy and sluggish 

diffusion. Binder volume must balance toughness and hardness: excessive content 

weakens cutting resistance and film integrity, whereas insufficient content promotes 

embrittlement. Carbon deficiency induces brittle η-phases, while excess carbon leads 

to graphite precipitation, disrupting passive film stability. Vacuum/protective sintering 

and HIP densification reduce porosity and galvanic susceptibility, enhancing long-term 

durability. 

Extensive empirical studies have further revealed the critical role of the binder phase in 

corrosion-wear behavior. For example, nanoindentation and statistical analyses showed 

that the intrinsic hardness of Co binder constrained by WC is approximately 8.1 GPa, 

corresponding to a flow stress of 1.8-2.4 GPa. Moreover, the basal plane hardness of 

WC was found to be 20-30 % higher than that of the prismatic plane, providing 

quantitative support for energy-dissipation modeling [120]. For Ni-Fe binders, hardness 

ranges from 4.4 to 8.5 GPa (approximately 170 HV after correction) and increases with 

decreasing mean free path, indicating that constraint-solid solution effects can enhance 

their resistance to pitting corrosion [121]. Diao et al. employed Ni3Al as a substitute for 

Co and introduced 0.3 wt.% SiCw, achieving a densification of 96.5 %, hardness of 

1570 HV, and fracture toughness of 13.1 MPa·m1/2 at 1500 ℃, with excellent oxidation 

and chloride resistance [122]. The Co-Ni-Fe binder phase enabled low-temperature 
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densification at 1050 ℃, yielding a hardness of 1781 HV and toughness of 10.52 

MPa·m1/2, representing a 5-10 % improvement over conventional WC-Co [123]. 

Particularly notable is the CoCrNi multi-principal-element binder phase, which reduced 

corrosion current density by 70 % and increased polarization resistance by an order of 

magnitude, attributed to the formation of a Cr2O3-NiO-Ni(OH)2 passive film, thereby 

significantly mitigating galvanic corrosion [124]. In summary, research has evolved 

from conventional binder phase characterization toward compositional tuning, phase 

structure optimization, and multi-principal-element design, providing new foundations 

for developing high-strength, tough, and corrosion-resistant cemented carbides. 

5.3 Effect of Additives 

Additives enhance corrosion–wear resistance by inhibiting grain growth, providing 

dispersion strengthening, modifying interfaces, and offering solid lubrication. 

Appropriate selection of type, size, and content stabilizes the third-body layer, 

accelerates re-passivation, and delays film failure while preserving matrix toughness. 

5.3.1 Grain Growth Inhibitors 

Grain growth inhibitors such as VC, Cr3C2, and NbC pin WC grains during sintering, 

refine grain size, and purify boundaries, thereby increasing hardness, reducing abrasive 

penetration, and lowering interfacial corrosion susceptibility. However, excessive 

addition may form brittle networks or promote η-phase precipitation, reducing fracture 

toughness. Thus, inhibitor content must be optimized alongside sintering kinetics and 

carbon potential. First-principles studies show that V, Cr, and Mn segregate at carbon-

rich WC/WC interfaces, increasing interfacial separation work and enhancing boundary 

stability, supporting the atomic-scale mechanism of VC and Cr3C2 effects [125]. In 

functionally graded composite ceramics (FGCCs), VC can significantly refine grains 

and reduce the gradient layer thickness by approximately half, whereas NbC raises the 

peak transverse fracture strength to 2400 MPa and maintains a high-temperature 

hardness approximately 100 HV higher than that of conventional samples at 700-800 ℃, 

demonstrating a combined effect of dissolution/reprecipitation inhibition, grain 

refinement, and oxidation resistance [126]. 

5.3.2 Dispersion Strengthening Particles 
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Nanoscale dispersoids such as Al2O3, SiC, or TiN/TiCN enhance binder yield strength 

and high-temperature softening resistance, thereby mitigating thermal stress-induced 

coating cracking. Their strengthening efficiency depends on particle size and interfacial 

wettability, as excessive size or poor wettability may cause agglomeration and 

debonding, compromising structural stability. Thus, achieving uniform nanoscale 

dispersion is critical. For example, the addition of 3 wt.% Ti3SiC2 forms (W, Ti)C/WSi₂ 

dispersions and an interfacial (W, Ti)C layer, refining WC grains to ~0.30 μm, and 

yielding a hardness of 2076 HV and fracture toughness of 10.1 MPa·m1/2, attributed to 

diffusion barrier effects and crack-deflection toughening [127]. 

5.3.3 Addition of Alloying Elements 

The addition of Cr, Mo, W, and rare-earth elements (Y, Ce) enhances binder corrosion 

resistance and mechanical stability. Cr forms a dense Cr2O3 passive film, serving as the 

primary element for corrosion resistance. Mo suppresses chloride-induced pitting and 

stabilizes passive films via MoO4
2- formation, while Cr-Mo synergy significantly 

improves re-passivation in marine environments. W contributes mainly to solid-

solution strengthening and high-temperature hardness but has limited impact on 

passivation. Rare-earth elements (e.g., Y, Ce) purify interfaces, refine inclusions, and 

improve oxide film adhesion, enhancing integrity and re-passivation kinetics. For 

instance, Y2O3 addition nearly doubles the gradient layer thickness in FGCCs (~2 mm 

vs. 1 mm), increases strength by ~30%, and reduces cracking and corrosion via Co-

phase solid-solution strengthening [128]. 

5.3.4 Solid Lubricants and Two-Dimensional Materials 

Solid lubricants such as graphite, MoS2, h-BN, and graphene generate a low-shear third-

body film, reducing friction at sliding interfaces. Rather than bulk addition-which 

compromises density and load capacity-a surface/coating composite strategy, 

incorporating limited lubricating phases in the top layer or forming nanoscale 

multilayers, enables rapid interface lubrication without sacrificing matrix toughness, 

achieving a balance between lubrication efficiency and structural integrity. 

5.4 Surface coating technology  

Surface coating technology provides an effective approach to enhancing the service 
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stability of cemented carbides under extreme conditions by constructing a functional 

interface layer on the substrate [129]. This engineered interface modulates load transfer, 

interfacial reactions, and wear evolution within the frictional contact zone. From a 

tribological perspective, the primary mechanisms involve isolating the substrate from 

direct participation in interfacial sliding and reducing interfacial shear stress, thereby 

leading to a lower friction coefficient [130]. 

PVD/CVD hard coatings, such as TiN, Ti (C, N), TiAlN, AlCrN, effectively suppress 

ploughing wear owing to their high hardness and excellent high temperature stability, 

and exhibit relatively stable wear behavior under high-speed cutting and high 

temperature sliding conditions. Multilayer or gradient structures design can helpful to 

alleviate the stress concentration arising from thermal-mechanical coupling. However, 

thermal mismatch and interface defects may still promote coating spalling under high 

load or cyclic thermal conditions. Meanwhile, low friction carbon-based coatings, such 

as DLC and ta-C, reduce the friction coefficient by forming a low-shear-strength 

interface, which is suitable for boundary lubrication conditions. However, due to its 

high internal stress level, it is usually necessary to combine metallic interlayers or nano-

multilayer architectures to improve the adhesion reliability. Consequently, post-

treatment processes such as shot peening or surface rolling are often required to 

stabilize the coating structure and ensure reliable tribological performance [131]. 

5.5 Surface texturing technology  

The surface texture introduces additional degrees of freedom for controlling frictional 

interfaces by orderly regulating the surface geometry of the cemented carbides, which 

plays a complementary role in improving the friction-wear behavior [132]. From the 

perspective of tribological mechanisms, micro-/nano-scale textures mainly affect the 

tribological behavior through contact stress dispersion, entrapment of abrasive particles, 

and lubrication medium storage. Appropriately designed textures can store wear debris 

and lubricating medium during wear, suppressing the uncontrolled migration and 

excessive interfacial shearing within the contact zone [133]. As a result, localized stress 

concentrations are effectively alleviated. Under dry friction or starved lubrication 

conditions, textures can also alleviate the formation of ploughing grooves and alter the 
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wear evolution path. The synergistic design of surface textures with coatings or solid 

lubricants can further amplify their tribological benefits. In such hybrid systems, the 

texture can be used as the film-forming starting point of the lubricating phase and 

capture the wear debris, while the coating provides load-bearing support for the textures 

and forms a low-friction interface [134]. The texture-coating synergy contributes to 

enhanced, more stable tribological behavior under extreme conditions. 

5.6 Synergistic tribological design strategy of microstructure control-coating-

texture  

Table.6 summarizes representative material-/process-level strategies for enhancing the 

mechanical and tribological performance of cemented carbides through hard phase, 

binder phase, and additive regulation. Additive systems enable multiscale synergy via 

atomic-level segregation control, grain refinement and dispersion strengthening, and 

gradient or layered architectures, thereby suppressing galvanic corrosion, stabilizing 

the third-body layer, and improving re-passivation [135]. The core innovation lies in 

the integrated optimization of performance and mechanism [136]. 

Table.6 Summary of material and process strategies for improving mechanical and 

tribological properties of cemented carbides 

Strategy Mechanism Specific Measures Performance Effects 

Optimization 

of Materials & 

Microstructure 

Grain refinement 

and phase 

adjustment reduce 

interfacial stress 

and crack initiation. 

Use submicron 

WC+VC/Cr3C2 inhibitors, 

introduce TiC/TaC/NbC 

carbides, optimize binder 

ratio, sinter via HIP/SPS. 

Higher hardness and 

toughness, suppressed 

crack propagation, 

strength-toughness 

synergy. 

Surface 

Coating 

Technology 

High-hardness/low-

friction coatings 

form protective 

barrier, lowering 

shear and corrosion 

coupling. 

Apply PVD/CVD, DLC/ta-

C with buffer layers 

Reduced friction and 

wear, improved 

oxidation and adhesion, 

longer tool life. 

Heat 

Treatment and 

Process 

Optimization 

Enhance purity and 

densification to 

suppress brittleness 

and optimize stress. 

High-purity powders, 

HIP/SPS vacuum sintering; 

peening, process-structure-

property control. 

Higher strength and 

fatigue resistance, lower 

variability, improved 

reliability. 

Overall, the optimization of wear resistance of cemented carbides under extreme 
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conditions has been controlled by a single material or an individual surface treatment, 

and has gradually developed into a systematic tribological design framework for the 

synergistic effect of matrix microstructure, surface coating and surface texture. Within 

this framework, the matrix microstructure determines the overall load-bearing capacity 

and damage mode. The surface coating mainly regulates the interfacial reactions and 

shear behavior. The surface texture further optimizes the interfacial lubrication state. 

The above multi-level strategies synergistically act on the contact stress distribution, 

interfacial shear response and wear evolution process to achieve cross-scale regulation 

from the inside of the material to the friction interface. Nevertheless, there are also 

potential trade-offs among different strategies. For instance, the increase in hardness 

may elevate brittleness risk, whereas excessively high texture densities can reduce the 

effective load-bearing area. Consequently, the design must be combined with specific 

working conditions to match the loading modes, sliding state, environmental conditions 

and lifetime requirements. Looking forward, the surface strengthening and protection 

strategies of cemented carbides will pay more attention to the mechanism-driven 

collaborative design and service-condition adaptability, thereby achieving the 

collaborative optimization of wear resistance, corrosion resistance and service 

reliability. 

6. Conclusions and Outlook 

Cemented carbide is extensively employed in extreme service environments, such as 

high-temperature cutting, mining and marine engineering, owing to its excellent 

hardness, superior wear resistance and outstanding thermal stability. In this work, the 

failure behaviors and mechanisms of cemented carbide in adhesive wear, abrasive wear, 

fatigue wear, oxidation wear, erosion wear, fretting wear and corrosion-wear coupled 

conditions are systematically summarized from the perspectives of material systems, 

microstructure characteristics and processing routes. The comprehensive analysis 

indicates that the tribological response and service degradation process of cemented 
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carbides are fundamentally governed by the synergistic interaction among the hard 

phase, the binder phase and the microstructure. Specifically, the type, size and spatial 

distribution of the hard phase determine the bearing capacity and wear resistance. The 

chemical composition and electrochemical activity of the binder phase dominate the 

interfacial stability. The microstructure scale, hard phase connectivity and 

microstructure uniformity jointly affect the crack initiation positions, crack propagation 

paths and the formation and evolution of the third-body layers, thereby regulating the 

macroscopic wear behavior. Consequently, the realization of multi-scale synergistic 

design and optimized matching among hard phases, binder phases and microstructures 

is essential for enhancing the comprehensive performance of cemented carbide. 

Despite substantial progress in composition optimization, microstructural tailoring, and 

surface engineering in recent years, cemented carbides still face critical challenges 

under extreme service conditions. In high-temperature thermal-oxidation environments, 

such as high-speed cutting and aerospace hot-end components, the thermal softening of 

the binder phase and oxidation-induced interfacial embrittlement can significantly 

accelerate crack propagation and compromise long-term service stability. Under the 

corrosion and wear-corrosion coupling conditions of marine engineering and chemical 

equipment, localized dissolution and interfacial degradation of the binder phase will 

reduce the bearing capacity of the material skeleton, leading to a nonlinear increase in 

the wear rate. Under high-contact-stress environments involving impact loading and 

erosion/abrasive coupling, such as mining and slurry transport, microcrack 

accumulation, fatigue spalling, and third-body layer instability collectively dominate 

the failure behavior. More importantly, real service environments are typically 

accompanied by strong coupling among multiple physical fields, including thermal, 

mechanical, and chemical effects, resulting in pronounced time-dependent degradation 

and complex, path-dependent failure processes. Such coupled degradation behaviors 

remain difficult to be fully captured using conventional single-condition or short-

duration laboratory tests. 

Future research should be driven by the analysis of degradation mechanisms and the 

design of intelligent monitoring under multi-physical field coupling, with 
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representative extreme service conditions as the traction. At the material design level, 

it is necessary to further develop a high-entropy binder phase and a multiphase 

composite system, and to combine gradient microstructural architectures and micro-

/nano-scale structural regulation to achieve synergistic improvements in strength, 

toughness, and corrosion resistance. At the surface engineering level, efforts should 

focus on surface modifications implemented on sintered cemented-carbide substrates, 

such as PVD/CVD-based protective films and functional surface texturing, to improve 

the service stability under extreme conditions. In addition, future studies need to 

establish a closed-loop control framework linking composition, structures, 

performances and conditions. On the one hand, standardized service simulation and 

long-term accelerated testing methodologies tailored for multi-physics coupling 

conditions should be developed to clarify key parameters and failure initiation criteria. 

On the other hand, combined with multi-scale numerical simulation and life prediction 

model, the quantitative description and pre-intervention of the degradation process are 

realized. With the continuous advancement of the above research directions, cemented 

carbides are expected to achieve higher service reliability and longer service life in 

extreme environments such as deep-sea energy, aerospace and high-end manufacturing. 
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