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Marine environment provides a basic space for human survival and social sustainable development. The study of 

tribological problems and mechanism of marine engineering materials in the sea extreme environment has become one 

of key technologies to be developed urgently in the field of marine engineering. This review summarizes and analyzes 

the tribological research of key friction materials in marine environment, focuses on tribological properties of ceramic, 

polymer and metal, emphatically introduces the current situation and development trend of tribological research in 

marine environment, such as metal and metal pairs, ceramics and metal pairs, polymers and metal pairs, polymers and 

ceramic pairs, and aims to provide a tutorial reference for the selection and application of friction pairs of marine 

engineering equipment. 

Keywords: marine, friction, tribology, ceramics, corrosion wear. 
 

1. INTRODUCTION 

The 21st century is a new century for mankind to fully 

understand, exploit and protect the oceans. The ocean area 

accounts for about 70.8 % of the earth's total area and is 

often considered to be the most corrosive natural 

environment. It as a highly complex medium contains 

almost every element of the periodic table and a wide 

variety of organisms. The development and breakthrough 

of marine engineering materials is the foundation and 

forerunner to realize marine science technology innovation 

and marine sustainable development. The study of 

tribological problems and failure mechanism of marine 

engineering materials in the sea extreme environment has 

become one of key technologies to be developed urgently 

in the field of marine engineering. The sea contains 

abundant resources. The exploitation and utilization of 

marine resources play a key role in the country 

development, and have become an important symbol of a 

country's comprehensive strength. 

According to the relevant information, the common 

key friction materials in the seawater environment show 

different degrees of corrosion and friction wear, such as 

key friction parts of seawater piston pump, key 

components of ship power system and so on, due to the 

corrosive environment of seawater [1]. Seawater has low 

viscosity, poor lubrication and strong corrosion, and 

contains a lot of sediments and microorganisms, which 

have a great influence on the tribological properties of key 
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friction materials of marine equipment under the seawater 

lubrication. In the complex and changeable marine 

environment, the way of self-matching of metallic 

materials makes the corrosion of materials very serious 

[2, 3]. According to the statistics, the annual losses caused 

by corrosion damage accounts for about 3 % of the world's 

gross national production, and the seawater corrosion 

accounts for about 33.3 % of the total amount of corrosion 

[4]. Therefore, it is of great practical significance to 

develop marine composites as key friction pairs in key 

friction materials of marine engineering equipment under 

the special environment. The particularity and complexity 

of marine environment restrict the application of friction 

materials, put forward higher requirements for materials 

properties. The selection of key friction materials has 

become a key technical problem in the development of 

marine equipment technology. Moreover, it is complex that 

the tribological behavior of key friction pairs materials of 

marine equipment due to the corrosivity of marine extreme 

environment. The mechanism of friction and wear in harsh 

marine environment is the key problem restricting marine 

application and developing marine equipment. 

This paper reviews the tribological properties of 

ceramic, polymer and metal under the condition of 

seawater lubrication, and focus on discussing the 

interaction of corrosion and wear of metallic materials 

under the seawater environment. The authors emphatically 

introduce the current situation and development trends of 

tribology research in the marine environment, such as the 

matching of PEEK and metal pairs, PEEK and ceramics, 

and looks forward to this field. It should be noted that the 

review tends to be qualitative rather than quantitative 
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analysis because of the individuality and variability of 

existing wear and tear experiments. 

2. TRIBOLOGICAL BEHAVIOR OF 

MATERIALS 

With the further development of seawater 

desalination, it is also required that some key friction 

components of marine equipment can continue to work 

safely and stably under the extremely harsh condition. 

Hence, the higher requirements are put forward for the 

performance of key friction materials. However,  some 

researches are still in a state of secrecy, and the tribology 

research of marine environment is still rare at home and 

abroad due to the high cost of friction test in high pressure 

seawater environment. 

2.1. Metallic materials 

The electrochemical corrosion of metallic materials 

put forward a severe test on the application of metallic 

materials in the seawater environment. It is very important 

to study the tribological behavior of metallic materials in 

seawater environment. The tribological studies of metallic 

materials under seawater is listed in Table 1. 

Table 1. Tribological studies of metallic materials under seawater 

Authors Materials 

Chen et al. [3] TC4 alloy, Hastelloy C-276 alloy, Inconel 625 

alloy, Monel K500 alloy, 316 steel 

Wang et al. [5] 
316 steel, Hastelloy C-276, Inconel 625, TC4 

alloy 

Zhang et al. [6] Austenitic stainless steel 

Cui et al. [7] Cu-6Sn-6Zn-3Pb alloy 

Zhu et al. [8] Ni3Al–Cr–Mo, Ti–6Al–4V 

Ren et al. [9] NiCr alloy, stainless steel 

As researched in above documents, the seawater 

environment has three effects on the tribological properties 

of metallic materials, including friction and wear, 

electrochemical corrosion, and interaction between 

corrosion and wear [2]. The interaction between wear and 

corrosion can be understood as the comprehensive effect of 

the destruction-repair of passivation film forming on metal 

wear surface. The continuous sliding between the contact 

surfaces during the friction process, and the formation of 

many microcracks in passivation film under the action of 

contact stress. Microcracks could continue to expand until 

the local rupture. The chlorine ions in the seawater will 

also make the passivation film more easily destroyed. The 

exposed metal surface is affected by the corrosion under 

seawater. The surface shear force will cause the plastic 

deformation of metal surface, making it more prone 

corrosion. The re-passivation process also aggravates 

corrosion, and the wear promotes corrosion. In addition, 

the seawater penetrates into the microcracks on the worn 

surfaces. The spread and proliferation of cracks accelerate 

during the friction process. The corroded surface is loose 

and porous, making it easier to increase the surface wear. 

The failure of passivation film reduces the contact area of 

friction pairs, increases the contact stress, resulting in a 

higher wear rate. The interaction between corrosion and 

wear is one of the key nonnegligible factors of affecting 

the tribological behavior of materials. 

2.2. Ceramic materials 

With the continuous research and development of 

ceramic materials, its high hardness, high temperature 

resistance, corrosion resistance and wear resistance, as well 

as excellent oxidation resistance and chemical stability, is 

widely used in corrosion-resistant wear friction 

components [10]. Hence, the application of ceramic 

materials expands in high-speed cutting tools, aerospace, 

engine key components, marine engineering equipment, 

petroleum machinery and other fields. The appearance of 

ceramic composites with excellent performances provides 

a new idea and direction for the selection of key friction 

materials of marine equipment in seawater desalination, 

and provides a strong support for the study of material 

tribological behavior in marine environment. 

At present, most of the research on tribological 

properties of key friction pairs of ceramic materials is 

carried out under artificial seawater or 3.5 % NaCl 

simulated solution. This research on friction and wear in 

natural waters, especially in actual seawater, is relatively 

rare. The tribological studies on ceramic materials 

including Si3N4 [11], SiC ceramics [12, 13], Sialon [13], 

ZrO2 [13], and Al2O3 [13] could be referred to those 

related documents. Due to the existence of salt ions in 

seawater, the tribological behavior of ceramic materials in 

seawater environment is obviously different from the 

counterpart in other aqueous solutions. It need to be further 

explored in the film forming mechanism of the friction 

surface of ceramic materials in seawater, as well as the 

interaction between seawater environment and friction 

behavior. 

2.3. Polymer materials 

Polymer materials have the advantages of small 

density, high specific strength, high elasticity, good 

chemical stability, strong corrosion resistance, and have a 

very important application prospect in marine equipment, 

such as seawater hydraulic transmission elements [14]. 

However, the water absorption of polymer materials will 

affect its physical and mechanical properties, leading to 

surface plasticizing, and deterioration of wear resistance. 

In addition, the suction swelling of polymer materials will 

also affect the mating of friction elements, reduce the 

accuracy of matching pairs [2, 10]. The seawater corrosion 

could reduce the fracture toughness and ageing-resistant 

performance of polymer materials. Therefore, the 

tribological behavior of polymer materials in aqueous 

solution, especially in seawater environment, is obviously 

different from that under the condition of dry friction. In 

general, polymers exhibit excellent tribological properties 

in seawater environments, and the effects of water-

absorbing plasticizing, the corrosion effects of dual parts, 

and the lubrication of seawater are taken into account using 

polymers for key friction materials. 

At present, the tribological research on polymer 

materials under seawater lubrication is still relatively rare, 

and lack of unified understanding, which includes the 

lubrication mechanism of fibrous tissue in polymers, the 

evolution mechanism of lubrication film, the interaction 

effect of internal and external factors on friction 

performance, and whether friction pairs have obtained 
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good tribological properties due to the existence of friction 

reaction membranes, etc. At present, carbon fiber (CF) and 

glass fiber (GF) are mainly used to enhance the wear 

resistance of engineering plastics such as ultra high 

molecular weight polyethylene (UHMWPE), poly tetra 

fluoro ethylene (PTFE), polyetheretherketone (PEEK), 

polyphenylene sulfide (PPS) and ethylene propylene EP. 

Yamamoto Y. et al. [15] found that the carbon fiber is 

more suitable than glass fiber as the enhancement phase of 

PEEK material. In addition, the content of fiber is closely 

related to the friction and wear properties of composites. 

The PEEK matrix composites filled with 10% carbon fiber 

exhibit optimal tribological properties under seawater 

lubrication conditions [16]. Moreover, the orientation of 

the fiber perpendicular to the friction interface in the 

polymer has better tribological properties. 

To sum up, polymer composites have excellent 

adhesion, mechanical properties, chemical corrosion 

resistance and other excellent properties, and have good 

mechanical processing and ductility energy. Therefore, it is 

an effective means to develop marine equipment to replace 

some metallic materials with polymer composites in 

marine equipment. Moreover, further quantitative 

characterization is still needed to promote the engineering 

application of polymer materials in the field of marine 

equipment. 

3. TRIBOLOGICAL BEHAVIOR OF FRICTION 

PAIR MATERIALS 

3.1. Metal and metal pairs 

The metal alloys are widely used in petroleum, 

chemical, biological, navigation and other fields because of 

their excellent properties, such as high specific strength, 

high temperature resistance and corrosion resistance. In 

recent years, with the development and utilization of 

marine equipment, some alloys have excellent corrosion 

resistance, good low temperature performance, embedding 

and compliance performance, provide technical support for 

the selection of key friction materials in areas such as 

underwater robots, deep-sea equipment, seawater plunger 

pump. So the study of tribological properties of metallic 

materials in the marine environment has attracted much 

attention. Bhuhsan [17] investigated the tribological 

characteristics of metal-metal pairs in seawater. The results 

show that the surface roughness under water lubrication is 

increased, and the wear amount is reduced to some extent 

by adding appropriate lubricant into water, but the friction 

coefficient is more than 0.3. Ding et al. [18] found that the 

friction pair of TC11 (titanium alloy)/GCr15 (bearing 

steel) in artificial seawater has low friction coefficient 

compared with in pure water. The lubrication surface film 

formed on the wear scars in the artificial seawater could 

reduce the friction coefficient. But the wear volume of 

TC11 in the artificial seawater was always higher than that 

in the distilled water, which demonstrates that the 

corrosion of seawater accelerated the wear. The 

potentiodynamic anodic polarization curves indicated that 

the passive film was easier to breakdown after wear. The 

wear mechanism of TC11 in water was only abrasion wear, 

whereas in seawater, it became delamination fatigue 

associated with abrasive wear. The 3D topography of the 

wear scars surface of TC11 titanium alloy is shown in 

Fig. 1. It can be seen that the straight groove in the 

seawater medium has regular pits at the bottom, while the 

bottom in the water medium has irregular jagged shape. 

The tribological properties of friction pairs of ZChSnSb8-8 

(babbitt alloy)/AISI52100 (bearing steel) [19], and 

TC4/GCr15 [8] were investigated under sea water 

condition. Through the above research, it can be seen that 

the tribological behavior of metal and metal pairs in 

seawater is not only affected by the pressure of seawater 

and the concentration of halide, but also the comprehensive 

effect of seawater cooling, lubrication and corrosion on 

friction pairs. Seawater plays a role in lubrication to some 

extent, but its corrosion to metallic materials exacerbates 

its wear and tear. Therefore, the study of the friction and 

wear mechanism of seawater cooling, lubrication and 

corrosion on its joint action can better reflect its 

tribological behavior in seawater. 

 

a 

 

b 

Fig. 1. 3D-morphology of wear scars: a – in distilled water; b – in 

sea water [18] 

3.2. Ceramics and metal pairs 

The ceramic materials are widely used in engineering 

fields because of their corrosion resistance, high 

temperature resistance, high hardness, wear resistance, 

pollution-free and other characteristics. With the 

development of science and technology, the application of 

new ceramic materials in the field of engineering continues 

to expand, especially the ocean ceramic materials with the 

work stably and reliably requirement in extreme 

environment. The ceramic friction pairs based on seawater 

lubrication came into being. Zhou et al. [20] investigated 

the ceramics and metal pairs under water lubrication show 

that the main wear mechanism of ceramics and metal pairs 

is adhesive wear, which induces three-body wear. The 

wear amount is large, the friction coefficient is high and 

unstable. The water plays no role in lubrication. Under 
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seawater lubrication, the maximum pressure velocity (PV) 

value of ceramics and metal pairs is 20 MPa·m/s. Liu, et 

al. [21] study the tribological behaviors of Si3N4 ceramic 

sliding against 316 stainless steel under seawater 

lubrication compared with those under dry sliding and pure 

water lubrication. The results showed that SiO2 colloidal 

particles were formed on the rubbing surface of Si3N4 due 

to the friction-induced chemical reaction of Si3N4 with 

H2O, which were further aggregated into the silica gel with 

the assistance of ions in seawater. Because of the boundary 

lubrication of the silica gel layer, both the lowest friction 

coefficient and the smallest wear rates of Si3N4 and 316 

steel were obtained in seawater. In addition, the 

tribological properties of ceramics and metal pairs of 

TC4/Al2O3 [22], SiC composite ceramic/stainless steel 

[23], and Ti3AlO2 ceramics/AISI 316L[24] under seawater 

lubrication were investigated compared with those under 

dry sliding or/and pure water lubrication. In general, a 

lubrication film forms through friction chemical reaction 

on the friction surface of ceramic materials in the water 

lubrication environment. This could reduce the friction 

factor and wear rate. Some ions contained in seawater can 

promote friction reaction and the formation of lubrication 

film, so that it has better tribological characteristics. 

Ceramic friction pairs are mainly affected by the 

interaction of mechanical wear and friction chemical wear. 

3.3. Polymers and metal pairs 

Polymers and their composites can produce large 

deformation under certain conditions they have good 

complete restoration ability relative to metal and ceramic 

materials. Their embedded abrasive characteristics can 

greatly improve their wear resistance, so it is widely used 

in seawater environment of key friction materials. At 

present, the mechanical parts put forward extremely high 

performance requirements due to the harsh working 

environment. The polymer composites not only have good 

mechanical properties and friction properties, but also have 

good chemical stability and other advantages, so they 

become a new choice of seawater lubrication materials. 

The pairs of polymers and metals are listed in Table 2. 

Table 3 shows the friction coefficient and wear rate of five 

materials with GCr15 and Ni-CR-WC respectively in 

seawater. The friction tests were conducted in the linear 

velocity of 0.5 m/s, the load of 100N, and the test time of 

90 min. Before each test, the friction surface was polished 

to the roughness of about 0.10 μm [27]. 

Table 2. Pairs of polymers and metals 

Authors Materials 

Lancaster et al. [25] Carbon fibre-reinforced polymers, S80 

stainless steel 

Wang et al. [26] PTFE/GCr15 

Wang et al. [27, 28] UHMWPE, PTFE, GCr15 steel, Ni-Cr-

WC alloy, 316 steel, Hastelloy C-216, 

Inconel 625, Ti6Al4V alloy 

Sun et al. [29, 30] Throdon ceramic bearing/Nickel plated 

steel spindle 

Duan et al. [31] Throdon ceramic bearing, Tenmat bearing, 

UHMWPE, GCr15 

Zhang et al. [32] PTFE/ Nickel plated 45# steel 

Table 3. The friction coefficient and water rate of polymer [27] 

Materials 
Friction coefficient 

Wear rate  

/(10-7mm3·N-1·m-1) 

GCr15 Ni-Cr-WC GCr15 Ni-Cr-WC 

UHMWOPE 0.14 0.02 32.4 5.74 

PTFE 0.05 0.02 830 53.5 

PHB /PTFE 0.10 0.02 338 13.2 

Graphite /PTFE 0.05 0.01 116 6.75 

Carbon fiber 

/PTFE 
0.12 0.04 6.66 4.17 

3.4. Polymers and ceramics pairs 

Shen et al. [33] investigated polymers and ceramics 

pairs incuding (Si3N4, SiC)/PEEK, 316L/PEEK,  

17-4PH/PEEK, and found that silicon nitride (Si3N4) is not 

suitable for friction mating materials whose sliding speed 

often changes, but is suitable for occasions where pressure 

keeps changing. In addition, more polymers and ceramics 

pairs of CF/PEEK [16], PEEK450-FC30/SiC [34],  

Ti(C, N)-based cermet/ CFRPEEK [35] were studied on 

the tribological behaviors of their pairs under sea water 

lubrication. 

As one of the core components of seawater hydraulic 

transmission, seawater hydraulic pump is widely used in 

marine engineering equipment technology, and the 

material of key friction pair of seawater hydraulic pump 

has been greatly restricted because of the special use 

environment. On the one hand, friction pair materials are 

needed to resist seawater corrosion. On the other hand, 

friction pair materials need wear resistance, so it is very 

important to study the material suitable for the key friction 

components of seawater hydraulic pump. 

In seawater environment, the polymer composites with 

better mechanical properties and excellent friction and 

wear characteristics are obtained by changing the 

composition of polymer materials and introducing glass 

fiber, carbon fiber and other materials. However, the wear 

of polymers is still affected by auxiliary materials. The 

development of nanomaterials technology provides a new 

theory and method for the study of polymer tribology 

modification. 

A systematic study of the synergy of nano-polymer 

materials and composite fillers can improve the 

tribological properties of polymer materials in seawater 

environment. Metallic ceramics with good wear resistance, 

high hardness and good chemical stability have the 

characteristics of both metal and ceramic materials, and is 

also one of the research hotspots of friction materials in 

seawater environment in recent years. The excellent 

tribological properties of combining polymers with some 

ceramic materials can provide an important basis for the 

selection of key friction materials in seawater hydraulic 

pumps.  

3.5. Coating technologies 

Besides the several described friction materials in 

seawater environment earlier, there are a number new 

techniques of emerged surface engineering, such as surface 

coating, surface modification and thin film. For example, 

the ceramic is sprayed on the surface of metal parts by 

means of thermal spraying or plasma spraying. The 
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ceramic coating technology not only overcomes the 

brittleness of ceramics, but also maintains the toughness 

and workability of matrix metallic materials, and makes 

the surface of parts have strong corrosion resistance and 

wear resistance [36]. The surface engineering technology 

has become an important means to realize the final 

performance of marine engineering equipment material in 

recent years. It cannot destroy the material's own 

performance, and strengthen or regenerate the surface 

properties of the material. So that the surface of the 

material has excellent tribological characteristics. The 

surface strengthening technology of key components 

marine engineering equipment mainly has ion 

implantation, surface coating technology, etc. Zhang et al. 

[37] studied the corrosion-resistance and tribological 

properties of electroless Ni-B coatings on 45 steel. Fig. 2 

shows SEM and AFM morphologies of the uncoated and 

the Ni-B coated 45steel. The Ni-B coating was 

electrolessly deposited on 45 # steel to improve its 

corrosion-resistance and tribological performances. The 

tribological behavior of Ni-B coating on steel was 

evaluated under lubrication of 3.5 % NaCl solution. The 

results show that the electroless Ni-B coating on 45 # steel 

possesses a cauliflower-like morphology with amorphous 

structure. Meanwhile, the Ni-B coating has lower friction 

and wear scar width than 45 # steel under lubrication of 

3.5 % NaCl solution. 

 

a b 

Fig. 2. SEM and AFM morphologies of: a – the uncoated 45 steel; 

b – the Ni-B coated 45 steel [37] 

The corrosion behavior of many friction materials in 

the marine environment, involves the coupling tribological 

behavior under electrochemical corrosion, load and 

corrosion [38, 39]. It is very important to study the 

corrosion resistance of materials in seawater environment. 

By selecting materials with excellent performance and 

optimizing the design of workpieces to reduce corrosion 

and wear in the friction process, it is also one of the 

development trends in recent years to control corrosion 

wear by electrochemical protection and surface treatment. 

The surface modification of the material such as Graphene-

epoxy coatings [40], cast iron with epoxy resin coatings 

(different epoxy value) [41], Ni-P alloy coating on GCr15 

alloys [42 – 44] can also improve the wear resistance and 

corrosion resistance of the material, and has been paid 

more and more attention in the field of material corrosion 

prevention. It is also very important to reduce the corrosion 

and wear of materials by studying the electrochemical 

corrosion of materials and the coupling tribological 

behavior under the action of load and corrosion. The new 

research method can greatly widen the species of marine 

materials, and also provides a strong support for the key 

friction materials of marine engineering equipment. The 

exploring of surface technology and corrosion resistance 

technology for different pairs to obtain excellent 

tribological properties is the development direction of key 

friction materials in the future marine environment. 

4. CONCLUSIONS 

In this review, the tribological behavior of materials in 

seawater environment is discussed, especially emphasis on 

three kinds of tribological properties of materials: ceramic 

materials, polymer materials and metallic materials. 

1. Ceramic materials in seawater lubrication have a very 

excellent friction and wear performance. The reaction 

products of friction chemical can effectively protect 

and lubricate the friction surface, reduce friction factor 

and wear rate. 

2. Polymer materials have high application value in 

seawater environment, however the effects of water 

absorption plasticizing, corrosion of dual parts and 

surface morphology need to be considered. 

3. Metallic materials are inevitably corroded in seawater 

environment, and the coordination of corrosion and 

wear has obvious influence on their tribological 

behavior, among which the quantitative analysis of 

corrosion and wear has the very important research 

value. 

4. Coating material is an important means to improve the 

wear resistance and corrosion resistance of matrix 

materials in seawater environment, depending on the 

physical and mechanical properties and interfacial 

properties of coating materials. 

5. PROSPECTS 

The ocean is the basic space for human existence and 

the treasure house to ensure the sustainable development of 

human society. The 21st century is the century of the sea, 

with the increasingly depleted of land resources, the 

marine development has been more and more attention. 

The development of marine engineering equipment needs 

the support of marine special materials. The friction-wear 

in seawater environment is one of the key problems 

restricting the application and popularization of marine 

materials, mainly due to the complexity of seawater media, 

as well as the interaction between corrosion and friction. 

Therefore, it is an important way to study and discuss the 

tribology of key friction materials in marine environment 

to improve the overall level of marine engineering 

equipment. The tribological research on materials in 

marine environment not only promotes the development of 

marine engineering equipment, but also provides a strong 

support for the key friction materials of marine engineering 

equipment. 

The material science, anti-corrosion and other subject 

contents can make up for the lack of existing knowledge, 

provide new methods and ideas for the solution of 

engineering technical problems existing in the marine 

field, and also provide strong support for the safety and 

reliability of marine equipments and key friction pairs. 

Although there has been some development in material 
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tribology of marine environment. The tribological 

problems in marine engineering equipments are complex 

and varied due to the complex and changeable marine 

environment, as well as the difficult test. Hence, there are 

still many problems to further study in this field. The 

tribological research on key friction materials under the 

marine environment can not only enrich the existing 

tribological theory, but also promote the rapid 

development of tribology experiments in the extreme 

environment of the ocean. Study on the friction and wear 

properties of materials in the marine environment may face 

the following challenges: 

1. The friction and wear of materials in seawater 

environment are mostly caused by the interaction of 

many factors. The study of interaction mechanisms on 

the tribology of materials is not sufficient, such as, the 

interaction mechanism of corrosion, mechanical wear, 

and friction chemical wear on key friction pairs. It is 

very important to perfect the influence mechanism of 

the interaction on the friction pairs. 

2. The seawater medium environment is more complex, 

and the influence mechanism of seawater environment 

on material tribology is not perfect, such as, the 

influence of seawater pressure, halide concentration, 

sediment content and temperature on the friction 

performance of key friction pairs.  

3. The test methods and techniques need to be further 

improved. The study of tribological characteristics of 

key friction materials in marine environment is 

necessary to associate the test simulation with the 

actual marine test, and also to associate the designed 

test device with the actual marine engineering 

equipment. 

4. It is not sufficient that the research on the friction and 

wear mechanism of key friction pairs in deep sea 

environment, such as, the tribological properties of 

key components friction pairs under the interaction of 

high pressure and large loads in seawater environment. 

5. The reliability and life of key friction materials in the 

marine environment is the premise to ensure the safe 

and reliable operation of marine engineering 

equipment. The establishment of key test technology 

and database of friction materials lays a foundation for 

improving the working performance of the materials. 
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