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Abstract: The tribocorrosion failure mechanism of nickel-aluminium bronze (NAB) in different halide con-

centrations of seawater was studied using a pin-on-disc tribometer that was modified to conduct in-situ 

electrochemical detection during the sliding process. It has been reported that high-halide-concentration 

seawater provided a good lubricating effect, and thus reduced the coefficient of friction and wear rate of NAB 

during the tribocorrosion process. However, the existence of halide ions corroded the passive film and hindered 

the repassivation of the damaged areas in the wear track, resulting in an increased corrosion rate. In addition, 

the morphology of the wear scar revealed the occurrence of abrasive, delamination, and adhesive wear of NAB 

in seawater. For the whole range of halide concentration values, a positive synergy between wear and corrosion 

was proven, and the quantification of this synergy was discussed in detail. The results show that the corrosion- 

wear synergism was decreased with increasing halide concentration in seawater, and the corrosion-induced 

wear was dominant in the two synergistic components.  
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1  Introduction 

Corrosion is a major cause of failure in marine 

engineering parts, and has resulted in significant 

economic losses. For the majority of engineering 

components, this phenomenon is inevitable owing 

to the presence of aggressive species in seawater, in 

particular halide ions [1, 2]. Usually, besides suffering 

from corrosion attacks, many key components of 

marine systems are exposed to wear in diverse forms, 

such as sliding, rolling, impacting, or fretting. The 

term tribocorrosion is defined to describe this kind of 

material degradation, which is a result of the com-

bined corrosion and tribological process [3]. From 

this perspective, it is not sufficient to predict the 

tribocorrosion behavior of metals with a knowledge 

of only electrochemical behavior without any me-

chanical wear, or with the knowledge of frictional wear 

behavior in the absence of corrosive environments. 

Tribocorrosion involves chemical, mechanical, and 

electrochemical mechanisms and the combination  

of these mechanisms often leads to synergistic effects 

between wear and corrosion. During the course of 

tribocorrosion, frictional motion can modify the 

sensitivity of metal surfaces to corrosion. However, 

corrosion impacts the wear resistance by changing the 

abrasive condition between the two moving contact 

surfaces. Thus, the total mass-loss rate of metallic 

materials in tribocorrosion systems clearly exceeds the 

sum of the wear rate and corrosion rate, which are 

measured individually [4−6]. It is therefore necessary 

to obtain more information on the tribocorrosion  
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behavior of metallic materials in aggressive media, 

especially before they are considered as alternative 

materials for practical applications.  

NAB alloys possess good mechanical properties and 

superior corrosion resistance, so for several decades, 

they have been applied in a wide variety of saline or 

marine environments, serving as pump shafts, valve 

stems, fittings, and ship propellers, among other 

functions [7]. The excellent corrosion resistance of 

NAB depends on the formation of a protective film 

or layer of corrosion products, which is mainly com-

posed of copper and aluminium oxide/hydroxide.  

In particular, the aluminium element in NAB alloys 

enables them to rapidly generate the aluminium-rich 

protective film, leading to an insensitivity to localized 

breakdown and pitting corrosion in the presence of 

halide ions. At the same time, the addition of nickel 

and iron also improves its corrosion resistance as 

well as mechanical properties, such as the tensile and 

yield strength [8, 9]. However, during the service life 

of NAB alloys, they are often subjected to abrasion, 

erosion, scratching, or other forms of wear damage in 

aggressive media, particularly in seawater [10]. This 

can lead to a deterioration or even complete removal 

of the passive oxide film, resulting in the exposure of 

a fresh metal surface to corrosive media and following 

the increased corrosion rate. In turn, the accelerated 

wear rate can be induced by the increasing corrosion 

rate. Hence, under both of the electrochemical and 

mechanical solicitations, the synergistic effects of 

corrosion and wear lead to accelerated material 

removal, which have high potential risk if there is a 

failure of the running devices.  

It is well known that the tribocorrosion behavior 

largely depends on the environmental properties, the 

metallographic structure, and chemical composition 

of contacting materials as well as the mechanics   

of the tribological contact [11]. The most common 

influencing factor for copper alloys may be in actual 

service environments (i.e., seawater), which has a con-

centration of aggressive ions, notably chloride ions. 

Although the vast majority of seawater has a salinity 

ranging between 3.1% and 3.8%, seawater is not 

uniformly saline worldwide. Variations in the salinity 

of seawater are influenced primarily by changes in the 

water content of the seawater. Where mixing occurs 

with fresh water runoff from river mouths, near 

melting glaciers or vast amounts of precipitation, 

seawater may be markedly less saline. Alternatively, 

the salinity in isolated bodies of water can be con-

siderably greater, which is about ten times higher in 

the case of the Dead Sea [12]. In this case, the function 

of the salinity in tribocorrosion systems has attracted 

much attention by a number of tribologists and corros-

ion researchers. As observed by Badawy et al. [13], 

the corrosion rate of Cu-Ni alloys increases with an 

increase of the chloride concentration up to 0.3 mol·dm–3, 

and then decreases at higher concentration. However, 

according to the results from Ismail et al. [14], the 

dissolution rate of Cu-38Zn in borate solutions de-

creases with the increase in the Cl– ion concentration 

(0.01 M–0.2 M) owing to the formation of insoluble 

CuCl. For Cl- ion concentration > 0.2 M, the corrosion 

rate increases as the soluble CuCl2
– complex are pro-

duced. Although many kinds of copper alloy have 

been studied, there have been few studies about the 

tribocorrosion behavior of NAB in seawater with 

different halide-ion concentrations. Therefore, in the 

present work, we performed systematic study to 

reveal the effect of halide-ion concentrations on the 

tribocorrosion behavior of NAB in seawater. From a 

practical point of view, this study is important to 

gaining a deep understanding of optimized environ-

mental parameters selection to control the corrosive 

wear of NAB alloys in their service time.  

2  Experimental procedure 

The material used in this work is cast NAB UNS 

C95800 (without heat treatment), with the major 

chemical compositions (in wt.%) as follows: 9.17% Al, 

4.17% Fe, 4.4% Ni, 1.28% Mn and balance Cu. For 

tribocorrosion tests, the samples were cut into a ring 

form with an outer diameter of 54 mm and an inner 

diameter of 38 mm. Test surfaces of samples were 

wet ground using a series of SiC papers down to 

the 1,500 grade, followed by cleaning with distilled 

water and ultrasonically degreasing with acetone. The 

resulting roughness of the used sample was 0.04 μm, 

as measured by a 2206 surface roughness tester (Links, 

China). To obtain a mirror-like surface, the samples 

were mechanically polished using diamond paste. 

Before being put into the tribo-electrochemical cell, all 

other surfaces, with the exception of the test surface  
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of specimens, were masked by a layer of insulating 

paint. The test solution is artificial seawater with a 

pH of 8.2, and is prepared from deionized water and 

analytical grade reagents according to ASTM D1141- 

98. Because the composition of natural seawater varies 

with sea area, depth, and season, the artificial seawater 

is used to improve the reproducibility of the test. In 

artificial seawater, halide ions include mainly chloride 

ions (Cl–), bromide ions (Br–), and fluorine ions (F–), 

and there remain other anions, such as bicarbonate 

ion and sulfate ion. The concentration of halide ions 

(denoted as [C]) in the electrolyte used in this work 

was adjusted to 0 M, 0.2 M, 0.5 M, 0.8 M, and 1.0 M, 

with the concentration of Br– (denoted as [Br–]) and F- 

(denoted as [F-]) being constant. That is, the variation 

of [C] was achieved by controlling the addition of 

NaCl in the experiment. The concentrations of the 

main compounds in the electrolyte are presented in 

Table 1.   

Tribocorrosion testing was carried out in an 

MMW-1 sliding pin-on-disc tribometer integrated 

with an electrochemical workstation and its schematic 

diagram was the same as described in Ref. [15]. During 

the test, an inert Al2O3 cylinder (with a diameter of  

4 mm) slid against the stationary specimen inserted 

into the test cell with the 400 mL electrolyte, under a 

controlled normal load of 125 N and sliding speed 

of 100 rpm. The friction coefficient was measured 

continuously by an attached strain gauge, and was 

recorded using a computer acquisition system. To 

achieve electrical insulation from the surrounding 

environment, the test cell and the specimen holder 

were both made of Teflon, which was an insulating and 

corrosion-resistant material. The tribo-electrochemical 

cell consisted of a NAB alloy sample as a working 

electrode, an Ag/AgCl reference electrode, and a 

platinum gauze as the auxiliary electrode. All of the 

experiments were performed at room temperature 

(22 °C), and repeated at least three times in order to 

ensure reproducibility. 

During tribocorrosion testing, the corrosion per-

formance of NAB alloy in different solutions was 

estimated by measuring the open-circuit potential 

(OCP) and potentiodynamic polarization curves. OCP 

measurements were conducted in the absence of 

sliding for a time period of 1,200 s, and subsequently 

with sliding for 3,600 s. Then, it was continuously 

monitored for 1,200 s when sliding was stopped. 

Potentiodynamic polarization measurements were 

performed under two conditions: without sliding 

(static corrosion) and in the presence of sliding (tri-

bocorrosion). Under both conditions, the polarization 

scans were initiated from –0.8 V to +0.6 V at a sweep 

rate of 2 mV·s–1. Before each potentiodynamic po-

larization measurement, the sample was allowed to 

stabilize for 1,200 s. In order to clarify the role of the 

wear on the total material loss, a cathodic potential 

of –0.8 V was applied to specimens under respective 

conditions. 

The morphologies of the wear debris, worn surfaces, 

and subsurfaces of tested specimens were examined 

by a JEM-5600LV scanning electron microscope (SEM). 

Prior to characterizing the subsurfaces, the cross 

section was etched with a solution, including 5 g 

FeCl3, 2 mL HCl and 95 mL C2H5OH. The chemical 

composition of the alumina counterface was examined 

using an energy-dispersive spectrometer (EDS). The 

phase compositions of the NAB alloy were characterized 

by a PANalytical Empyrean X-ray diffraction (XRD) 

with Cu Kα radiation.  

Table 1  Concentration of the main compound in seawater. 

Compound concentration / M 
[C] / M 

NaCl MgCl2 CaCl2 KCl SrCl2·6H2O KBr NaF Na2SO4 NaHCO3 H3BO3 

0 0 0 0 0 0 0 0 0.029 0.002 0.437×10–3 

0.2 0.061 0.055 0.010 0.009 0.158×10–3 0.779×10–3 0.071×10–3 0.029 0.002 0.437×10–3

0.5 0.361 0.055 0.010 0.009 0.158×10–3 0.779×10–3 0.071×10–3 0.029 0.002 0.437×10–3

0.8 0.661 0.055 0.010 0.009 0.158×10–3 0.779×10–3 0.071×10–3 0.029 0.002 0.437×10–3

1.0 0.861 0.055 0.010 0.009 0.158×10–3 0.779×10–3 0.071×10–3 0.029 0.002 0.437×10–3
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3  Results and discussion 

3.1  Microstructure characterization 

The SEM micrograph and the XRD pattern of the 

NAB alloy used in this test are shown in Fig. 1. The 

microstructure of the NAB alloy was mainly composed 

of an α phase, a β´ phase, and several intermetallic   

κ phases, as labeled in Fig. 1(a). The α phase as the 

matrix was a copper-rich solid solution, and the β´ 

phase was a solid solution with a martensitic structure. 

For the NAB used in this experiment, there were 

three types of κ phases (designated κⅡ, κⅢ, and κⅣ), 

which were distinguished by their different shapes, 

sizes and distribution. The κⅡ showed a dendritic 

(rosette-like) shape and was mainly distributed at the  

 

Fig. 1 SEM microstructure (a) and XRD pattern (b) of NAB 
alloy. 

boundaries of the α and β phases. The κⅢ exhibited a 

laminar eutectoid structure, and was generally found 

to be perpendicular to the α and β boundaries. For the 

κⅣ phase, it appeared as a fine particle morphology, 

and was typically embedded in α matrix [16, 17].  

The phase constituents of NAB alloy were analyzed 

using XRD, and the results are presented in Fig. 1(b). 

It can be seen that the diffraction peaks of the α phase, 

β´ martensite phase, and another phase, including 

aluminium-iron-nickel intermetallics, appeared in the 

tested NAB alloy, which was consistent with the SEM 

observation results. From the previously reported 

literature, it is well known that the κⅠ, κⅡ, and κⅣ 

phases were iron-enriched precipitates on the structure 

of Fe3Al, while the κⅢ phase was nickel-enriched 

based on NiAl [18]. Thus, combined with the micro-

structural image in Fig. 1(a), the diffraction peaks of 

intermetallics were attributed to the presence of the  

κⅡ, κⅢ, and κⅣ phases in NAB alloy. 

3.2  Electrochemical behavior of NAB 

In situ information of the surface state of NAB under 

combined wear and corrosion impact was obtained by 

performing OCP measurements. For the investigated 

NAB in the seawater containing different halide-ion 

concentrations, the results of the OCP are shown in 

Fig. 2. Before sliding, the OCP was allowed to stabilize 

for 1,200 s. During this period, the steady-state potential 

was reached, indicating the presence of passive film 

on the sample surface. At the beginning of the friction,  

 

Fig. 2 OCP curves of NAB alloy in artificial seawater with 
different halide-ion concentrations. 



448 Friction 7(5): 444–456 (2019) 

 | https://mc03.manuscriptcentral.com/friction 

 

the OCP decreased abruptly and then fluctuated about 

a certain value during the sliding period. It is common 

knowledge that the OCP that was recorded during 

tribocorrosion tests is a mixed potential reflecting the 

state of worn and unworn surfaces [19]. The OCP 

depends on the ratio and relative position of worn 

and unworn areas, as well as the respective intrinsic 

OCP of the materials in worn and unworn areas. Thus, 

the cathodic shift of the OCP owing to sliding can be 

attributed to the removal of passive oxide film on the 

sample surface, leading to a destruction of the passive 

state and the activation of metal inside the wear track. 

Afterwards, there was a galvanic couple between worn 

and unworn surfaces of material. In a galvanic cell, 

the anodic current Ia is equal to the absolute cathodic 

current Ic. Considering the anodic current density (ia) 

and cathodic current density (ic), one equation can be 

written for the case of tribocorrosion tests [20]: 

 
a a c c

i A i A                 (1) 

where Aa and Ac are the surface areas of the anode 

and cathode, respectively. The steady-state OCP during 

sliding was observed owing to the establishment of an 

equilibrium between the electrochemical passivation 

and mechanical depassivation rate. Once the sliding 

was stopped, the OCP shifted to the anodic direction, 

and almost returned to the initial value owing to the 

repassivation of the wear track. It should be noted 

that the fluctuation of the OCP during the sliding 

process can be explained by the periodic removal and 

re-growth of oxide film on the metal surface. Besides, 

during the course of sliding, the OCP decreased 

gradually with the increase of halide concentration in 

seawater, suggesting an increase in the corrosion 

susceptibility for NAB. 

Figure 3 shows the potentiodynamic polarization 

curves of NAB alloy under static and sliding 

conditions in seawater with different halide-ion 

concentrations. The corresponding electrochemical 

parameters obtained from the polarization curves are 

listed in Table 2. Under the static corrosion condition 

(Fig. 3(a)), the corrosion potential (Ecorr) shifted to 

more negative values as the concentration of halide 

ions increased. The corrosion current density (icorr) 

increased with the increase in halide concentration 

up to 0.2 M owing to the generation of the complex  

 

Fig. 3 Potentiodynamic polarization curves for NAB alloy under 
(a) static corrosion and (b) tribocorrosion conditions in seawater 
with different halide-ion concentrations. 

CuCl2
–. Then, a decrease in icorr was detected for con-

centrations higher than 0.2 M, which resulted from 

the hydrolysis of CuCl2
– and the formation of Cu2O. 

In this testing system, the corrosion processes of  

the NAB alloy were mainly the anodic dissolution  

of copper (Eq. (2)), and the cathodic reduction of the 

dissolved oxygen (Eq. (3)), as shown by the following 

chemical reactions [21]. 

    
2

Cu 2Cl CuCl e             (2) 

   
2 2

O 2H O 4e 4OH            (3) 

In addition, cuprous oxide can be formed by the 

dissolution or precipitation process (Eq. (4)):  

     
2 2 2

2CuCl 2OH Cu O H O 4Cl      (4) 
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As one of the major alloying elements in NAB, 

aluminium can result in higher strength and better 

casting working properties. More importantly, the 

aluminium content improves the corrosion resistance 

of NAB owing to the formation of an oxide/hydroxide 

film. This layer is produced by the complexation of 

aluminium and chloride, followed by the hydrolysis 

reaction to form an aluminium hydroxide layer. The 

reaction equations are described as follows: 

    
4

Al 4Cl AlCl 3e             (5) 

     
4 2 3

AlCl 3H O Al(OH) 4Cl 3H       (6) 

It have been reported that the oxide layer on NAB 

alloys is aluminium-enriched adjacent to the base 

metal and copper-enriched in the outer regions [22]. 

These layers act as a barrier and hamper the transpor-

tation of metal cations, especially the sustainable 

alumina protective film which can build rapidly on 

the alloy surface. 

As shown in Fig. 3(a), when halide ions were 

present in the environment, no pitting corrosion was 

observed for the NAB alloy. Instead, in the case of 

the halide-free solution, the rapid increase in current 

density at potentials above +0.178 V confirmed the 

occurrence of the pitting corrosion. According to the 

previously reported studies, attacks by pitting for 

copper alloys can be triggered in the presence of 

specific aggressive species, such as sulphate, chloride, 

or nitrate. Each of these species can individually 

produce pitting corrosion in copper alloys, but with 

different degrees of aggressiveness. Sulphate ions 

appeared to be more aggressive than chloride ions; 

however, when the chloride-to-sulphate content ratio 

exceeded 5, the species responsible for copper pitting 

were chloride ions, and sulphate ions did not work 

in this condition [23, 24]. With respect to halide-free 

electrolytes, the species responsible for the pitting 

corrosion was sulphate ions. Considering that the 

ratios of chloride/sulphate were greater than 5 in 

halide-containing solutions, it is rational that the 

pitting corrosion susceptibility of NAB in halide-free 

seawater was the highest among all tested solutions. 

Under the sliding condition (Fig. 3(b)), the poten-

tiodynamic behavior of NAB was different from that 

observed under the static corrosion condition. First, 

the Ecorr of all specimens was shifted cathodically. 

Secondly, the icorr was increased by one order of mag-

nitude. However, the Ecorr was shifted to an increasingly 

negative direction as the halide-ion concentration 

increased in the presence of tribological contact. 

Moreover, friction promoted the occurrence of pitting 

corrosion. The higher the halide concentration of 

seawater, the greater the pitting corrosion susceptibility 

for NAB alloys. It was generally accepted that the 

pitting corrosion of metals resulted from the break-

down of the passive oxide film induced by the 

penetration of aggressive anions (especially halide 

ions) under the effect of an electrostatic field across 

the film/solution interface [25]. The anodic overvoltage 

for the dissolution of metallic ions can be reduced  

in contact with solution containing a higher halide 

concentration. Thus, the increase in halide concentra-

tion would improve the possibility of absorption of 

halide ions on the NAB surface, which consequently 

reduced the pitting corrosion potentials (Epit). 

3.3  Friction and wear behavior of NAB 

3.3.1  Coefficient of friction and wear rate 

The coefficient of friction (COF) and mass-loss rate are 

important characteristics to understand the friction 

and wear performance on the NAB/Al2O3 contact 

surface, which are dominated by the physical con-

dition and chemical reactions between contacting 

interfaces as well as the environment. The evolutions 

Table 2 Corrosion parameters for NAB alloy in seawater as a function of halide ions concentration. 

Static corrosion Tribocorrosion 
[C] / M 

0 0.2 0.5 0.8 1.0 0 0.2 0.5 0.8 1.0 

Ecorr/VAg/AgCl –0.204 –0.247 –0.280 –0.306 –0.312 –0.338 –0.374 –0.381 –0.432 –0.452 

icorr/μA cm–2 3.74 4.59 4.03 2.93 2.73 23.20 29.52 35.63 52.86 64.98 

Epit/VAg/AgCl +0.178 一 一 一 一 +0.091 –0.110 –0.183 –0.242 一 
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of COF for NAB alloys with time in seawater with 

different halide-ion concentrations are shown in 

Fig. 4. It was clear that the COF decreased with the 

increase in halide concentration, which is owing to the 

good lubricity of higher halide concentration solution. 

The measured total mass-loss curves of NAB alloys 

are shown in Fig. 5. Under both of the tribocorrosion 

and pure mechanical wear conditions, a decreasing 

trend of the total mass loss of NAB with increasing 

halide concentration was observed. In addition, the 

pure mechanical wear loss was much less than the mass 

loss caused by tribocorrosion within the measured 

halide concentration range. This was attributed to 

the fact that, under the tribocorrosion condition, the 

loose corrosion product layers on the metal surface 

can be easily peeled off by the Al2O3 pin, resulting in 

accelerated material loss. 

3.3.2  Wear mechanism 

In order to further determine the effect of the halide 

concentration on the tribological behavior of NAB 

and the varying lubricating capability of solutions, 

SEM morphologies of the worn surface, subsurface, 

and wear debris after tribocorrosion tests in seawater 

with 0 M and 1 M halide concentrations were com-

pared, and the results are shown in Figs. 6 and 7. 

Figures 6(a) and 6(b) show that a coarser worn surface 

was produced in halide-free solution, indicating that 

the wear of NAB was more severe in this solution. 

This was consistent with the COF and wear-rate results 

presented in Figs. 4 and 5. Moreover, grooves on wear 

scars were observed to be parallel to the sliding 

direction, which provided the evidence of abrasion 

during the rubbing process [26, 27]. This abrasive wear 

was further confirmed by the ribbon-like wear debris 

formed throughout the course when hard asperities 

on the Al2O3 pin counterface continuously slid across 

the metal surface (as shown in Figs. 7(a) and 7(b)). 

Besides, the laminar tearing on wear scars generated 

after tribocorrosion in seawater with 1 M halide con-

centration was milder compared with that observed in 

halide-free solution. At the same time, the examination  

 

Fig. 4 Coefficient of friction for NAB alloy as a function of sliding time in seawater with different halide-ion concentrations.  
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Fig. 5 Total mass-loss curves for NAB alloy in seawater with 
different halide-ion concentrations.  

 

Fig. 6 SEM morphologies of worn surface and subsurface after 
tribocorrosion in seawater with ((a), (c)) 0 M and ((b), (d)) 1.0 M 
halide concentrations, respectively. 

of wear debris revealed numerous sheets or flakes, 

which was a typical characteristic of delamination 

wear [28−30]. Clearly, the size of the wear debris in 

Fig. 7(b) was smaller than that presented in Fig. 7(a). 

Combined with the subsurface morphologies below 

the wear track of NAB (Figs. 6(c) and 6(d)), it demon-

strated that delamination wear was also prevailing 

under these two kinds of lubricating conditions. In 

fact, some micro-cracks and plastic shear deformation,  

 

Fig. 7 SEM morphologies of wear debris after tribocorrosion 
in seawater with (a) 0 M and (b) 1.0 M halide concentrations, 
respectively. 

which are typical features of delamination, can be 

detected underneath the metal surface. Further, the 

severity of plastic deformation and the thickness of 

the deformed region reduced with increasing halide 

concentration. As the halide concentration increased, 

the surface traction exerted by the harder Al2O3 pin 

on the softer NAB surface decreased owing to the 

better lubricity of the solution. In this case, there was 

a slight accumulation of plastic shear deformation, 

and a small number of cracks can be created at the 

subsurface, consequently yielding wear sheet particles 

with less thickness [31]. However, the loose corrosion 

products had a greater proportion in Fig. 7(b) com-

pared with that in Fig. 7(a), indicating that heavier 

corrosion took place in high halide containing solutions. 

It is well known, that the tribological properties of  

a material are closely related to its microstructure. 

For NAB alloy, solute atoms such as iron, nickel, 

and aluminium can cluster and separate out from the 

matrix to form the dispersive κ phases. The inclusion 

of β´ and κ phases would enhance the strength and 

hardness of NAB, preventing the alloy’s surface from 

severe abrasive wear, and hence lowering the wear 

rate during tribocorrosion processes [32]. 

Figure 8 shows the transfer film that formed on 

alumina counterfaces after sliding in seawater with   

0 M and 1.0 M halide concentration. It can be observed 

that a discontinuous metallic transfer film was adhered 

on the alumina counterface, which is a typical result 

of adhesive wear (Figs. 8(a1) and 8(b1)). During the 

process of sliding, some junctions were formed 

between the asperities of two friction pairs, and then 

the asperities of the alumina pin may shear the NAB 

surface owing to their higher hardness. Hence, some  
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materials were separated from NAB alloys and 

transferred to the alumina counterface. In addition, 

EDS results presented in Figs. 8(a2) and 8(b2) further 

validated the occurrence of adhesive failures between 

NAB alloys and the alumina pin.   

3.4  Wear-corrosion synergy 

The synergism between wear and corrosion is one of 

the main reasons for the damage of material from 

rubbing machine parts in aggressive media [33, 34]. 

Thus, it is imperative to quantify this synergistic 

effect in order to further understand the mechanism 

of tribocorrosion, establish a criterion to assess the 

tribocorrosion resistance of materials, and to take 

effective measures to control material degradation. 

According to the ASTM G119-09 standard, the wear- 

corrosion synergy can be estimated as: 

  
0 0

S T W C                 (7) 

where S is the combined contribution owing to the 

synergistic effect, T is the total material loss measured 

at the OCP, W0 is the pure mechanical wear con-

tribution measured at the cathodic protection potential, 

and C0 is the pure corrosion contribution estimated 

from potentiodynamic polarization tests. To be con-

sistent with the unit, all of the terms in Eq. (7) were 

given in mm/y. In addition, S can also be attributed to 

the combined effect of wear-induced corrosion, ΔCw, 

and corrosion-induced wear, ΔWc , i.e., 

   
w c

S C W                (8) 

Besides, the degree of the synergy between wear 

and corrosion can be estimated by the following three 

dimensionless factors. 

The total synergism factor:  


T

T S
                  (9) 

The corrosion augmentation factor: 

 
0 w

0

C C

C
               (10) 

The wear augmentation factor: 

 
0 c

0

W W

W
               (11) 

The synergistic contributions of the wear and 

 

Fig. 8 SEM images and energy dispersive spectroscopy of counterfaces after sliding in seawater with ((a1), (a2)) 0 M and ((b1), 
(b2)) 1.0 M halide concentrations. 
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corrosion for NAB alloy obtained by the procedure 

detailed above are shown in Fig. 9. It can be seen 

from Fig. 9(a) that all three factors were greater than 

one, indicating that wear and corrosion promoted 

each other and led to increased material loss. Besides, 

judging from Figs. 9(b)−9(d), it was clear that over the 

entire range of halide concentration, the total material 

loss of NAB alloy was dominated by wear, including 

pure mechanical wear and corrosion-induced wear. 

This was consistent with the criteria proposed by 

Stack et al. [35], which considered the ratio of the total 

corrosion rate (C = C0 + ΔCw) to the total wear rate 

(W = W0 + ΔWc). For C/W ≤ 0.1, wear is the primary 

contributor to material degradation; for 0.1 < C/W ≤ 10, 

both wear and corrosion contribute significantly to 

material loss, and for C/W > 10, corrosion is the do-

minant mechanism. In the present work, the values of 

C/W varied from 6.31 × 10–4 to 3.00 × 10–3, which are 

well below 0.1. 

It was observed that in different tested electrolytes, 

the contribution of the corrosion component to the 

total material degradation for NAB may be negligible 

compared with that of the wear component. However, 

the acceleration of the corrosion rate was more obvious 

than the acceleration of the wear rate. Besides, the 

wear-induced corrosion rate displayed an upward 

trend with an increasing halide concentration in 

seawater (Fig. 9(b)). Based on the theory proposed 

by Mischler et al. [19], wear-induced corrosion is 

dependent on the passivation charge density and 

contact geometry, the latter of which is kept constant 

owing to the same mechanical condition during the 

sliding processes in this work. The passivation charge 

density is the anodic charge needed to passivate the 

bare metal, and thus depends on the electrochemical 

conditions of NAB in seawater with different halide 

concentrations. In seawater with a high halide con-

centration, the anodic dissolution of NAB was more 

serious, and resulted in a higher corrosion current 

density (Table 2), which eventually led to a larger ΔCw. 

 

Fig. 9 Synergistic contributions of wear and corrosion of NAB alloy in seawater with different halide concentrations. 
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However, the corrosion-induced wear rate accom-

panied by the pure wear rate decreased with an 

increasing halide concentration (Fig. 9(c)). It is well 

known that corrosion can promote the growth and 

propagation of microcracks on the contact surface  

as well as accelerates the wear rate. Nevertheless, 

seawater with a high halide concentration provides a 

good lubricating effect between the NAB and Al2O3 

pin, and mitigated the impact of corrosion on wear. 

Therefore, with these two competing aspects working 

together, the downward trend of ΔWc was detected 

with an increasing halide concentration.  

4  Conclusions 

The present work was initiated with the aim of 

investigating the tribocorrosion failure mechanism 

of NAB alloy in seawater containing 0 M, 0.2 M, 

0.5 M, 0.8 M, and 1.0 M of halide ions. Electrochemical 

analyses revealed that the corrosion current density 

increased, and the corrosion potential shifted to a 

more negative value as the halide concentration of 

seawater increased. Moreover, the corrosion rate 

and corrosion susceptibility of NAB was found to 

increase owing to the destruction of the passive film 

by sliding, which led to the active dissolution of bare 

metal inside the wear track. In all of the cases studied, 

there was clearly a positive synergy between the wear 

and corrosion, which can be divided into two terms: 

wear-induced corrosion and corrosion-induced wear. 

The total material loss increased with increasing halide 

concentration, and above all, it was governed by the 

wear, including pure mechanical wear and corrosion- 

induced wear. In spite of the serious corrosivity of 

high halide concentration solution, its good lubricating 

ability alleviated the surface deterioration caused by 

tribological contact, and eventually resulted in minor 

material loss. Therefore, it can be concluded that the 

tribocorrosion behavior of NAB alloy in seawater is 

closely related to the halide-ion concentration that is 

present in it.  
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