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a b s t r a c t 

In this research, the tribocorrosion behavior of 316L stainless steel in simulated seawater was investigated 

under continuous and intermittent sliding at open circuit potential. The tribocorrosion mechanism was 

discussed in terms of wear morphologies, mechanical property as well as chemical composition. Mean- 

while, microstructure evolution inside the wear track and open circuit potential recorded after sliding 

were analyzed to quantify the repassivation kinetics and evaluate the impact of the regenerated passive 

film on wear. The results showed that the wear rate increased under intermittent sliding when the pause 

time is long enough to repassivate after sliding. Repeated sliding promoted the refinement of the grain 

inside the sliding area, which was beneficial to the generation of the thicker and more compact passive 

film inside the wear track. The ruptured passive film often acted as abrasives during subsequent sliding. 

Therefore, the accelerated material loss under intermittent sliding was attributed to the periodic mechan- 

ical removal of the thickened passive film and the enhanced abrasive wear inside the wear track. 

© 2022 Published by Elsevier Ltd on behalf of The editorial office of Journal of Materials Science & 

Technology. 
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. Introduction 

Tribocorrosion behavior is a common phenomenon and fre- 

uently observed in the engineering fields of marine explorations 

 1 , 2 ], food processing [ 3 , 4 ] and biomaterials medical implant [5–

] , which is generally defined as a material degradation process 

esulted from the combined tribological action of relatively mov- 

ng mechanical contact with corrosive chemical or electrochemi- 

al reaction [8] . Due to the intricate and not well-established syn- 

rgism between the mechanical wear and electrochemical corro- 

ion aspects, tribocorrosion is a highly complex behavior [ 9 , 10 ]. In

his case, the tribocorrosion process not only shows significant dif- 

erence compared each tribology and corrosion process separately 

11] , which also accelerates the material loss to a great extent [12] .

herefore, in-depth investigation of tribocorrosion behavior is par- 

icularly critical for the selection of appropriate materials applied 
n harsh tribocorrosion field condition. 
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Because of the complexity and harmfulness of this phe- 

omenon, many investigations have been carried out to reveal the 

ribocorrosion mechanism and great progress has been achieved. 

ill now, it has been well established that material properties, wear 

echanics, corrosion media properties as well as the electrochem- 

cal are the most important factors affecting the tribocorrosion 

esistance [ 1 , 13 ]. Among these, material microstructure [ 9 , 14–17 ],

oad level [18–20] and applied electrochemical potential [ 2 , 21 ] are 

he most frequently studied factors. Apparently, the tribocorrosion 

ehavior is a highly complex issue involving many interrelated fac- 

ors. More specifically, the influence of microstructure on the tri- 

ocorrosion behavior is mainly reflected in three aspects, includ- 

ng localized corrosion sensitivity in wear track [18] , repassivation 

inetics [22] and wear resistance [9] of the materials. As for the 

assive alloy or the coating, mechanical load always results in the 

eterioration of passive film in the contact area and even leads 

o the microstructure evolution beneath the wear track. Further, 

he effect of the passive film on the tribocorrosion property can be 

tudied by using applied electrochemical potential above or below 

he open circuit potential(OCP) [23] , which would remove or pro- 

ote the formation of the passive film in wear track. Moreover, it 

as been reported that the depth and distribution of friction de- 
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ormation zone beneath the wear track can also be affected by the 

pplied electrochemical potential [17] . 

The above-mentioned researches provide a comprehensive per- 

pective to the in-depth understanding of the essence of tribocor- 

osion conducted under constant and continuous load level within 

 limited test time. Considering service life, these investigations 

n continuous tribocorrosion cannot truly reflect the performance 

volution of the materials in the actual service process. Intermit- 

ent tribocorrosion would be a better reflection of the actual work- 

ng conditions of the moving components. For instance, the ball- 

alve fitted in the seawater pipeline [22] , Implanted joint [7] as 

ell as the plunger of seawater piston pump [24] often in an inter- 

upted corrosion-wear state. These components suffer from static 

orrosion damage most of the time. Only when they are mov- 

ng forward, does the tribocorrosion process occur. More impor- 

antly, some studies have revealed that the materials often exhibit 

uite different degradation mechanism under continuous and in- 

ermittent tribocorrosion process. Saada et al. [3] found that the 

ear of the 304L stainless steel (SS) used in centrifuges is clearly 

trengthened under the intermittent sliding which is closely re- 

ated to the dominated abrasive wear mechanism. Further, surface 

eening processing was performed to strengthen the surface me- 

hanical property [4] , and in turn, improve the tribocorrosion resis- 

ance under intermittent sliding process. The results revealed that 

he nanopeened 304L SS is more sensitive to tribocorrosion under 

he intermittent condition than that under the continuous condi- 

ion. The periodical depassivation and repassivation phenomenon 

ere the main causes for this change. Dimah et al. [5] also stud- 

ed the bio-tribocorrosion behavior of titanium biomedical alloys 

n different sliding modes. The results indicated that the removal 

f repassivated material was increased in the intermittent sliding 

ode and it was related to the formation of passive film dur- 

ng every two successive sliding processes. However, Çaha et al. 

25] found that intermittency did not significantly affect the wear 

olume of several titanium alloys and the wear track features were 

ot changed as well. Clearly, although some research results prove 

hat the wear loss of material in the intermittent sliding is indeed 

trengthened compared with the continuous one, it does not hold 

rue in all cases. This may be related to the passive materials or ex- 

erimental parameters. At the same time, there are still few stud- 

es corresponding to this topic and the in-depth and therefore sys- 

ematic study is urgently needed to understand different tribocor- 

osion behaviors. 

Apparently, passive film exhibits a significant effect on the tri- 

ocorrosion mechanism. Accordingly, two types of electrochemical 

ethods, OCP measurements and potentiostatic tests, were usually 

onducted to investigate the effect of passive film on the tribo- 

orrosion behavior of passive alloys or coatings [26] . Potentiostatic 

ests often impose an constant potential on the tested samples and 

herefore promote the removal or formation of passive films during 

he sliding process, which is well suited for quantifying the con- 

ribution of wear accelerated corrosion in the total wear loss [27] . 

owever, in practical applications the electrochemical potential de- 

ends only on the variability of the immersion experimental condi- 

ions, rather than the external imposed disturbances. Thus, the re- 

ponse of electrode potential is spontaneously established between 

he wear track and the passivated surface of the rest of the sample 

s a better reflection to evaluate the periodical removal and forma- 

ion passive film during the sliding test [28] . 

Consequently, in this study, the typical and commonly used 

ustenite stainless steel (316L SS) was assessed by the tribocorro- 

ion behavior under the continuous and intermittent sliding modes 

t OCP. Specifically, intermittent sliding tests were well designed 

nd the individual effect on sliding duration and corrosion dura- 

ion as well as their synergistic contribution to the material degra- 

ation were investigated by characterizing and analyzing the mi- 
68 
rostructure evolution and the repassivation ability of the SS in de- 

ail. In that sight, it is a new attempt to get a better insight into

he accelerated material degradation in intermittent tribocorrosion 

rocess. This work revealed the accelerated deterioration mecha- 

ism in the intermittent tribocorrosion process, which is beneficial 

o providing a more comprehensive view of scientific understand- 

ng of the tribocorrosionm behavior in practical engineering fields. 

. Experimental procedures 

.1. 316L SSs 

The commercial grade austenitic 316L SS (316L SS) have been 

hosen as the test materials for the current investigation. The mean 

omposition of the SS was as follows: 0.03 wt.% of C, 0.045 wt.% of 

, 0.03 wt.% of S, 17.2 wt.% of Cr, 13.4 wt.% of N, 2.1 wt.% of Mo,

 wt.% of Mn, 0.8 wt.% of Si and Fe in balance. The metallographic

orphology and X-ray diffraction (XRD) spectrum ( Fig. 1 ) show 

hat the microstructure of 316L SS is composed of single austen- 

te ( γ -Fe) exhibiting the equiaxed grains of 10 to 30 μm in size. 

The samples were machined in the form of disks of 17 mm di- 

meter and 3 mm thickness. Then the sample surface was ground 

ith sand-paper and finally polished with 0.5 μm diamond paste 

o produce the mirror like surface without scratches. Finally, the 

olished samples were cleaned with ethanol in an ultrasonic bath 

nd stored in a desiccator. 

.2. Tribocorrision tests 

The tribocorrision tests were performed in a linear reciprocat- 

ng tribometer (Rtec, MFT50 0 0) equipped with a three-electrode 

lectrochemical system (ModuLab XM ECS) Fig. 2 .(a) shows de- 

ailed information of the schematic of tribocorrosion apparatus. 

In the present three-electrode corrosion cell, the test sample 

as set as a working electrode which was clamped in a self-made 

xture with an exposed area of 1.96 cm 

2 . An Ag/AgCl saturated 

lectrode was regarded as a reference electrode and a platinum 

as set as a counter reference. The nature aerates 3.5 wt.% NaCl 

olution (pH = 7) at room temperature was selected as the elec- 

rolyte. All tribocorrosion tests were conducted at a normal load of 

N. The sliding velocity and stroke length were set at 0.02 m/s and 

 mm, respectively. Due to the high hardness and excellent anticor- 

osion properties, the polished and cleaned Al 2 O 3 balls ( � 6 mm) 

ere selected as the counterpart. According to the Herte elastic 

heory [29] , the normal force could produce the maximum con- 

act pressure about 1.14 GPa at the initial sliding period, which is 

igher than the yield strength of 316L SS (approximately 180 MPa). 

rior to the tribocorrosion tests, OCP was monitored for 1 h to 

tabilize the sample surface in corrosion medium. The evolution 

f OCP was monitored during the entire test period. The electro- 

hemical impedance spectroscopy (EIS), conducted at OCP in the 

requency range of 10 −2 Hz–10 5 Hz with 10 mV sinusoidal pertur- 

ations, was used to evaluate the corrosion resistance of the sam- 

le before and after the tribocroorsion tests. 

To investigate the effect of sliding mode on the tribocorro- 

ion performance of 316L SS in the simulated sea environment, 

wo types of sliding tests were carried out at OCP in this study, 

amely continuous sliding mode and intermittent sliding mode. 

he schematic representation of the tribocorrosion protocol is 

hown in Fig. 2 (b). For the continuous sliding test (taken as con- 

rol test), the total sliding time was set as 60 min. Fig. 3 shows the

volution of OCP throughout the whole continuous sliding process. 

s can be seen, when the sliding starts, the stable OCP of −0.13 

 Ag/AgCl drops sharply and then plateaus at −0.38 V Ag/AgCl . After 

he sliding, OCP gradually moves to positive direction. After about 

5 min, OCP regains the initial stable value ( −0.13 V Ag/AgCl ) before 
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Fig. 1. (a) SEM morphology of 316L SS and (b) corresponding XRD pattern. 

Fig. 2. (a) Schematic representation of tribometer, (b) schematic representation of the tribocorrosion protocol. 
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he sliding, revealing that the 15 min is a proper relaxation time 

o make the sample repassivated completely under the current ex- 

erimental conditions. More importantly, as this duration prolongs, 

CP exceeds the initial stable OCP ( −0.13 V Ag/AgCl ) and eventually 

tabilizes in −0.1 V Ag/AgCl . These above-mentioned results indicate 

hat 316L SS can be repassivated after the tribocorrosion test and 

orrosion protection property of the reformed passive film is better 

han that before. 

As for the intermittent sliding mode, the total sliding time was 

ept consistent with the continuous sliding of 60 min. In this 

ode, the total sliding time is made up of several short single 
69 
ontinuous sliding processes (every single sliding duration is de- 

ned as X ). Apparently, the relationship between the number of 

he short continuous sliding cycle (defined as n ) and every single 

liding duration ( X ) must be satisfied with condition of n × X = 60.

he pause duration between two successive short single continu- 

us sliding processes is defined as corrosion time ( Y ). Therefore, 

he intermittent sliding process, in essence, consists of several tri- 

ocorrosion processes and several corrosion processes ( Fig. 2 (b)). 

ccording to the results from the continuous sliding mode, there 

s a close relationship between the pause time and the recovery of 

CP, or in other words, the corrosion duration after the sliding has 
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Fig. 3. Evolutions of OCP before, during and after the continuous sliding process. 

a

t  

t

t

r

d  

t

6

t

t  

t

p

r

2

d

s

t

r

m

s

s

2

3

(

t

i

t  

2

n

m

s

i

b

d

p

a

K

s

u

t

c

r

s

d

b

1

t

1

m

a

o

e

3

3

p

3

e

c

f

a

w

c

A

s

s

(  

s

t

s

O

t

c

n

-

p

F

n important impact on the reformation of passive film in wear 

rack [14] . As a result, the wear volume of 316L SS during the in-

ermittent tribocorrosion process is supposed to be interrelated to 

he tribocorrosion process duration ( X ) and corrosion process du- 

ation ( Y ). Accordingly, the short single continuous sliding process 

uration X was set to 20 min, 10 min, 5 min and 2 min, respec-

ively. That is, the intermittent sliding process was divided into 3, 

, 12 and 30 single continuous sliding processes, respectively. Con- 

inuous sliding results indicate that OCP can be reversed to the ini- 

ial stable value after ending sliding for 15 min ( Fig. 3 ), implying

hat the wear track can be repassviated within 15 min under the 

resent experimental condition. Correspondingly, the corrosion du- 

ation Y was set to 20 min, 10 min, 5 min and 2 min, respectively. 

At the two test conditions, 20 min sliding—20 min pause and 

0 min pause—20 min sliding are equal. Obviously, these corrosion 

uration settings provide a large relaxation time region from in- 

ufficient OCP recovery time to complete excess, which is helpful 

o understand the effect of repassivation degree on the tribocor- 

osion behavior. Therefore, compared with the continuous sliding 

ode, the tribocorrosion behavior of 316L SS in the intermittent 

liding mode can be investigated in detail through changing the 

ingle continuous sliding duration X and corrosion duration Y . 

.3. Characterization of samples 

The metallographic surface and cross-sectional morphologies of 

16L SS were examined by using a scanning electron microscope 

SEM, FEI Quanta FEG 250, USA), as well as the wear tracks af- 

er the tribocorrosion tests. The phase composite was character- 

zed by XRD (Bruker D8 Advance, Germany) with a diffractome- 

er by using Cu K α radiation. The scan rate was 5 °/min with the

 θ range of 20 °−100 °. The subsurface microstructure evolution be- 

eath the wear track was studied by using a transmission electron 

icroscope (TEM, Talos F200X, USA). TEM samples of the cross- 

ectional profiles of the wear track were performed by the focused 

on beam technique (FIB, Carl Zeiss Auriga Germany). After the tri- 

ocorrosion tests, the wear volume loss was calculated for all con- 

itions according to the method reported in literature [30] . The 

rofile of the wear track was quantified by measuring the profiles 

cross the wear track with a surface profilometer (Alpha-Step IQ, 

LA-tencor, SUA). The micro-hardness and elastic modulus of the 

ample were measured both inside and outside the wear tracks 
70 
sing a nanoindenter (Nano Indenter, MTS Ltd, USA). X-ray spec- 

roscopy (XPS, Thermo Scientific ESCALAB 250) depth profiles were 

arried to analyze the distribution of chemical compositions in the 

eformed passive film in wear tracks. The sample’s surface was 

puttered by using an argon ion gun operating at 5 keV to con- 

uct in-depth profile analysis of the passive film. The argon ion 

eam with a current density of ∼100 μA/cm 

2 was used to etch a 

.5 mm × 1.5 mm selected area. The spectra were collected for the 

ypical elements existing in the oxide film of 316L SS: oxygen (O 

s), iron (Fe 2p), carbon (C 1s), nickel (Ni 2p), chromium (Cr 2p), 

olybdenum (Mo 2p). After the etch test, all XPS spectra were an- 

lyzed by using CasaXPS analytic software and the peak position 

f the core spectra was calibrated by the C1s peak with a binding 

nergy of 284.6 eV. 

. Results 

.1. Evolutions of OCP and wear rate in intermittent tribocorrosion 

rocess 

.1.1. The effect of single sliding time X on OCP and wear rate 

volution 

OCP monitoring provides the immediate information about the 

hemical state inside the wear track. The evolutions of OCP be- 

ore, during and after sliding test with different sliding time ( X ) 

re shown in Fig. 4 . Here, the pause duration (corrosion time Y ) 

as set as a constant of 20 min while the single sliding time X 

hanged within a wide range, which varied from 20 min to 2 min. 

pparently, as the single sliding time X decreases, the number of 

hort continuous sliding cycles n increases dramatically. For in- 

tance, when the sliding time was the minimum value of 2 min 

 Fig. 4 (d)), the maximum sliding cycles n of 30 is reached. At the

ame time, the total test time sharply increases as well. Before 

he initiation of the sliding, the alloy surface was kept passive 

tate since OCP value maintained constant at about −0.12 V Ag/AgCl . 

nce the sliding starts, OCP rapidly shifted to the negative direc- 

ion and then plateaued at about −0.38 V Ag/AgCl . When the sliding 

eased, OCP gradually rose up to exceed the initial level and fi- 

ally achieved a quasi-steady state of about from -0.05 V Ag/AgCl to 

0.06 V Ag/AgCl , which showed similar variation characteristics com- 

ared with the continuous tribocorrosion test result as displayed in 

ig. 3 . Consequently, as is clearly seen the variation of sliding time 
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Fig. 4. Variations of OCP with time recorded before, during and after sliding in intermittent mode with fixed duration time Y = 20 min and the varying sliding times X . (a) 

X = 20 min, (b) X = 10 min, (c) X = 5 min and (d) X = 2 min. 

Fig. 5. Cross-sectional profiles of the wear track under continues friction and intermittent friction for varying tribocorrosion time X (a), corresponding calculated wear rate 

(b). 
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 did not affect OCP evolution when the pause time is fixed at 

 constant of 20 min, indicating that the repassivation completely 

ccurred within the given pause time of 20 min. After the sliding 

ests, all OCP values exceeded the initial level, which is thus called 

transpassivation behavior”. This phenomenon is closely related to 

he reformed passive film in wear track after sliding tests. The vari- 

tion of OCP provides the information regarding the surface elec- 

rochemistry state of the tested sample, and thus the transpassiva- 

ion phenomenon indicates the modified surface state in the wear 

rack. 

After the intermittent sliding tests, the wear track profiles were 

easured to calculate the wear rate and the results are shown 

n Fig. 5 . As can be seen from Fig. 5 (a), the cross-sectional pro-

les area of continuous sliding presents the lowest value and the 

reas obtained from the intermittent sliding mode increase with 
t

71 
ecreasing the single sliding time X. Fig. 5 (b) clearly shows that 

he wear rate increases as the sliding cycle increases. This means 

hat the wear loss depends on the multiple periodic removal of 

he sample, that is, the more sliding cycles are conducted, the 

igher wear rate is produced. All the wear rates calculated from 

he intermittent sliding mode are larger than those from continu- 

us one, which showed the accelerated deteriorated tribocorrosion 

esistance under the intermittent condition. 

.1.2. The effect of pause time Y on OCP and wear rate evolution 

Further, the evolutions of OCP collected during the different 

ause time ( Y ) while with the fixed sliding time ( X = 2 min) are

ecorded and the results are shown in Fig. 6 . Apparently, OCP vari- 

tion trend is consistent with that mentioned previously. That is, 

he periodic fluctuation of OCP is presented with the load appli- 
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Fig. 6. Variations of OCP with time recorded before, during and after sliding under intermittent mode with fixed sliding time X = 2 min and the varying pause times Y . (a) 

Y = 20 min, (b) Y = 10 min, (c) Y = 5 min and (d) Y = 2 min. 
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ation and unloading as a fast response to the passive film local 

emoval. As can be seen, the recovered OCP value gradually de- 

reases with shortening the pause time from 20 min to 2 min. 

owever, the recovery of OCP is dependent on the pause duration. 

hen the pause time is higher than 10 min, the wear track can be

ompleted repassivated since the recovered OCP is higher than that 

f initial value, exhibiting typical transpassivation phenomenon. 

hen the pause time is reduced to 5 min or even shorter, OCP 

annot be recovered to the initial state before the next sliding be- 

ins. This result indicates that the denser and compact passive film 

n wear track cannot be formed within a shorter pause duration af- 

er the sliding tests. More importantly, the time required for OCP 

ecovery to the initial stable value in the intermittent sliding mode 

s much shorter than that in continuous sliding mode (approxi- 

ately 15 min in Fig. 3 ), demonstrating that the periodic sliding 

hanges the repassivation kinetics of formation of passive film in 

ear track. The results mentioned above indicate that the pause 

uration has a significant effect on the repassivation behavior of 

16L SS after the sliding tests. 

The wear rate is also calculated after measuring the cross- 

ectional track profile and the results are shown in Fig. 7 . Clearly, 

he cross-sectional profile area decreases with shortening the 

ause duration from 20 min to 2 min ( Fig. 7 (a)), implying that the

ear loss is gradually decreased. Moreover, the depth and width of 

he track is closely related to the pause duration between the two 

uccessive sliding tests. Specifically, if the pause time is too short 

o make the wear track repassivated completely ( Y = 2 min and 

 min), the cross-sectional profile is relatively narrow and shallow. 

n the contrary, if the pause duration is sufficient ( Y = 10 min and

0 min), the profile is wider and deeper, representing a relative 

igher wear loss in the current situation. Consequently, the calcu- 

ated wear rate ( Fig. 7 (b)) shows that the sample of 2 min/20 min
 a

72 
resents the largest wear rate compared with the others, which 

s consistent with the results obtained from Fig. 5 . This result in- 

icates that when the number of sliding cycles is fixed at 30, 

he wear rate is tightly associated with the repassivation level of 

ear track after sliding process; namely, the completed repassi- 

ated wear track causes the most serious wear loss while the par- 

ial repassivated wear track results in lighter wear loss. 

.2. Microstructure and phase transformation inside the wear track 

The transpassivation phenomenon ( Fig. 4 ) above also indicates 

hat the sliding process has changed the electrochemical state 

ithin the wear track under the current experimental condition. 

herefore, cross-sectional images underneath the wear track after 

ntermittent sliding (2 min/20 min) are characterized by SEM and 

EM, as shown in Figs. 8 and 9 . 

Although the low-magnification image ( Fig. 8(a) ) only shows 

he indistinct wear track profile, the enlarged image ( Fig. 8(b) ) 

learly presents a very thin (about 2,3 μm) deformation layer 

ormed at the outermost surface ( Fig. 8(a) ) as well as some stripes

hich are also located close to the surface of the wear track, in- 

icating the twin deformation induced by frictional shear force. 

pparently, the thickness of the deformation layer is not homoge- 

eous, which is various from grain to grain. Beside, it seems that 

he deformation was confined within the grains located at the sur- 

ace. Moreover, the grain boundaries do not reach the surface of 

ear track but ends at the edge of the inner deformation layer. 

hese results therefore indicate that when the harder Al 2 O 3 coun- 

erpart slides cross 316L SS, the relatively softer surface will un- 

ergo the plastic deformation and generate the twins within the 

ontact grains. In order to investigate phase transformation mech- 

nism in depth, bright field TEM images combined with selected 
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Fig. 7. Cross-sectional profiles of the wear track under continues friction and intermittent friction for varying tribocorrosion time X (a), corresponding calculated wear rate 

(b). 

Fig. 8. Cross-sectional morphology of wear track after tribocorrosion test (a) and locally enlarged view (b). 
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rea electron diffraction (SAED), as well as high-resolution TEM 

HRTEM) were adopted, as can be seen from Fig. 9 . 

The microstructure image underneath the wear track within 

,2 μm presents a clear delamination phenomenon, as presented 

n Fig. 9 (a). Local enlarged images obtained from two typical ar- 

as of A and B positions present that the surface deformation layer 

s characterized by a lot of parallel strips with a preferred orien- 

ation and combined with the width of 10 0–20 0 nm ( Fig. 9 (b)),

ut below the deformed layer it exhibits a typical fine equiaxed 

rystal ( Fig. 9 (c)). Further, the concentric diffraction rings in SAED 

 Fig. 9 (d)) and the crystal plane spacing measured from HRTEM 

mages ( Fig. 9 (e) and (f) which from A position) prove the initial

-austenite phases have transferred to the α’-martensite after the 

ear, indicating that these strips phases belong to lath martensite. 

elow the deformation region, SEAD ( Fig. 9 (g)) and HRTEM results 

 Fig. 9 (h) and (i)) obtained from B position demonstrate that the 

ominant phases in this area are α’-martensite but some initial γ - 

ustenite phases are still found. Clearly, phase transformation in- 

uced by the sheer force occurs under the wear track, which can 

e related to the transformation mechanism as follows [9] : γ -Fe 

austenite)-twining- α’-Fe (martensite). 

.3. Hardening effect inside the wear track 

The evolution of microhardness inside and outside the wear 

rack after intermittent sliding test (2 min/20 min) were evaluated 

y using nanoindentation experiment as shown in Fig. 10 . 

In general, under a certain load, the smaller the indentation 

epth is, the harder the material is. Apparently, the strain hard- 

ning occurs after the tribocorrosion test because of the increased 

ardness inside the wear track. The microhardness increases from 

he initial value of 4.22 ± 0.6 GPa to 6.82 ± 0.6 GPa, showing a 

1.5% increase after the sliding process. Beside, the elastic mod- 

lus increases as well. It is noted that the grain refinement and 
73 
hase transformation have occurred within the wear contract area, 

hich indicates that the applied load produced a significant mi- 

rostructure evolution. The increased densities of grain boundaries 

nd dislocations blocked the dislocation movement, thus leading 

o higher hardness. This therefore causes the wear contact area to 

ield higher microhardness compared with the unworn area. 

.4. Surface passive film composition 

XPS depth profile analysis was conducted to investigate the pas- 

ive film composition. Fig. 11 shows the element depth profiles col- 

ected inside ( Fig. 11(a) ) and outside ( Fig. 11(b) ) the wear track af-

er the intermittent tribocorrosion tests. The results indicate that 

he surface passive film inside the wear track is thicker than that 

utside the wear track. That is, after the sliding the repassiva- 

ion kinetic inside the wear track has changed, illustrating a sur- 

ace electrochemical state transformation induced by the repetitive 

ear process. Consequently, the re-growth of the passive film in- 

ide the wear track was promoted as compared with the surround- 

ng passivated area. 

.5. EIS results 

Fig. 12 presents EIS plots and fitting results before and af- 

er the intermittent tribocorrosion tests. Fig. 12(a) shows Nyqiust 

lots of the sample, which exhibits an approximate quarter ca- 

acitance loop over the test frequency range. However, the ca- 

acitive loop diameters of the sample after sliding were slightly 

arger than those before sliding, indicating an improved corrosion 

esistance after the tribocorrosion test as the diameter is positively 

orrelated to the polarization resistance [26] . Beside, Bode plots 

lso provide abundant information about the electrochemical re- 

ponses. Fig. 12(b) shows that the absolute impedance value |Z| 

ecomes higher after the sliding, indicating a better corrosion re- 
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Fig. 9. Characterization of microstructures beneath wear track after tribocorrosion test: (a) overall view of BFTEM image, (b) locally enlarged BF image obtained in A position, 

(c) locally enlarged BF image obtained in B position, (c)–(f) SAED pattern and HRTEM images of A position, (g)–(i) SAED pattern and HRTEM images of B position. 
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Table 1 

Fitting parameter values for EIS spectra of 316L SS before and 

after sliding. 

Parameters Before sliding After sliding 

R s ( �•cm 

2 ) 14.9 11.1 

Y f ( �−1 cm 

−2 n −2 × 10 −5 ) 3.57 0.21 

n f 0.916 0.818 

R f (M �•cm 

2 ) 2.82 2.16 

Y dll ( �−1 cm 

−2 n −2 × 10 −5 ) 1.71 2.78 

n dll 0.719 0.931 

R ct (M �•cm 

2 ) 0.61 1.15 

χ 2 ×10 −4 5.93 3.95 

w

t

w

s

c

f

e

istance after the sliding possesses. Moreover, frequency-phase plot 

 Fig. 12(c) ) proves that after sliding, the sample proposes a higher 

hase angle at low frequency range (10 −2 Hz–10 −1 Hz), demon- 

trating that the repassivated surface has better protection perfor- 

ance. In summary, EIS results demonstrate that the repassivated 

ear track after sliding possesses a better corrosion resistance. 

Further, in order to quantitatively study the effect of sliding on 

he corrosion resistance, all EIS results were fitted with an equiva- 

ent circuit with two defined time constants ( Fig.12(d) ). A constant 

hase element (CPE) was introduced in this circuit to model the 

scattering effect” resulting from the non-homogeneous nature of 

he surface [31] . The impedance of CPE is described as follows: 

 CPE = Y −1 ( j2 π f ) n (1) 

here j is the imaginary unit, f is the frequency. Y is the magni-

ude of CPE. n is the parameters associated with CPE. The better 

apacitive response is dependent on how close n is to 1. That is, if 

 is approximately equal to 1, the parameter of Y can be converted 

nto a pure capacitance. In this circuit, R s presents the solution re- 

istance, CPE f and R f are the impedance and capacitance of the 

assive film formed on the surface, R ct and CPE are associated 
dll 

74 
ith the impedance and capacitance of the double layer. The fit- 

ing results are shown with solid lines and are in good agreement 

ith the experimental results, which can also be reflected by the 

mall χ2 values. All the fitting parameters are listed in Table 1 . As 

an be seen, the electron transfer resistance ( R ct ) clearly increases 

rom 0.612 M �•cm 

2 to 1.15 M �•cm 

2 after sliding, presenting an 

nhanced resistance of 46.7% in static corrosion condition. The in- 



Y. Liu, L. Liu, S. Li et al. Journal of Materials Science & Technology 121 (2022) 67–79 

Fig. 10. Indentation curves inside and outside of the wear track after tirbocorrosion 

test. The average calculated hardness and elastic modulus values are inserted. 
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rease of R ct indicates the improved repair capability of passive 

lm inside the wear track. 

. Discussion 

.1. The repassivation behavior at different intermittent 

onfigurations 

The excellent anti-corrosion performance of 316L SS contributes 

o the spontaneously formed passive film on the surface, which 

rovides a barrier between external environment and active metal 

nd therefore prevents the active dissolution of metals. The passi- 

ation ability mainly depends on the material chemistry (Cr con- 

ent and its distribution) and characteristics of the corrosion so- 

ution [ 32 , 33 ]. During the tribocorrosion tests, when the sliding 

tarts, the passivated surface is broken and the base materials are 

xposed. At the end of sliding, the new passive film is formed 

ithin a short time quickly and limits further corrosion dissolu- 

ion of material inside the wear track. In tribocorrosion, the local 

brasion of passive film during sliding and the re-growth of which 

fter sliding in the contact area can be investigated by the elec- 

rochemical techniques along with the test [ 26 , 34 ]. This dynamic 

tate can be described by OCP technique, which is the potential 

ormed between the tested metal sample and the electrolyte spon- 

aneously. The evolution of OCP can be interpreted by a simple 

alvanic coupling model during the tribocorrosion process [28] . In 

his model, the galvanic potential is a mixed potential reflecting 

he surface state of the depassivated worn area and the surround- 

ng passivated surface. Therefore, the shift of the galvanic potential 

an be significantly affected by the removal of passive film induced 
Fig. 11. XPS depth profiles measured after the tribocorrosion test

75 
y the sliding process. Apparently, the respective intrinsic potential 

f the materials, the ratio of worn and unworn areas as well as 

heir relative position and kinetics of anodic and cathodic reaction 

re critical parameters which influence OCP evolution during the 

ribocorrosion [26] . Therefore, the depassivation and repassivation 

ehavior can be analyzed by investigating OCP evolution. In this 

ase, the cathodic shift of OCP observed in Figs. 4 and 6 can be

xplained by the galvanic potential established between the inside 

ear track (as cathodic) and outside wear track (as anodic). As can 

e seen from the two figures, the rates at which OPC decreases 

hen the load is applied and increases when unloaded are quite 

ifferent, indicating that both underlying processes and kinetic are 

ifferent. The sudden decrease of OCP is due to the mechanical 

estruction of passive film while the slow increase is attributed 

o the re-establishment of passive film inside the wear track. Be- 

ide, it should be noticed that the cathodic shift degree of OCP at 

he fist sliding cycle is presented with a more intense decrease of 

otential and then followed by gradual increase to a stable value, 

hich is quite different from the other following sliding cycles dur- 

ng the intermittent tribocorrosion. Except for the first sliding cy- 

le, the rest of those present similar and stable cathodic shift (- 

.37 V Ag/AgCl ) through the whole test, indicating that the kinetic 

nside the wear track has changed at the first sliding cycle. Evi- 

ently, the change of kinetic inside the wear track not only affects 

he cathodic shift degree of OCP but also influences the required 

epassivation time after sliding. Here, the recovery time required 

rom the stable tribocorrosion potential to the initial level is de- 

ned as repassivation time. It can be clearly seen from the contin- 

ous tribocorrosion ( Fig. 3 ) and intermittent tribocorrosion ( Fig. 4 ) 

hat the increase trend of OCP after sliding presents typical loga- 

ithmic rule, if the pause duration provided is sufficient to make 

he wear track repassivated completely. Moreover, Fig. 4 shows 

hat the repassivation time obtained from the intermittent sliding 

s shorter than that of the continuous sliding ( Fig. 3 ), indicating 

hat repassivation time can be affected by the intermittent config- 

rations. A local enlarged draw from Fig. 3 is shown in Fig. 13(a) ,

hich presents typical increase of OCP with a certain time. The 

epassivation rate after sliding can be calculated by the inserted 

quation which was reported in Hanawa et al. [35] 

E = k 1 log t + k 2 (2) 

here 	E is the potential variation, t (s) is the time after the slid- 

ng, k 1 is the slope and k 2 is a constant determined by the kind 

f corrosive media. The 	E is fitted according to the measured 

alues within the repassivation time. The measured repassivation 

ime and the fitted repassviation rate ( k 1 ) are shown in Fig. 13(b) .

learly, there is an opposite relationship between the repassivation 

ime and repassivation rate ( k 1 ). With the increase of single slid- 

ng duration ( X ), k fitted from intermittent sliding mode increases 
1 

, (a) inside of the wear track, (b) outside of the wear track. 
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Fig. 12. EIS plots and fitted polarization resistance results of 316L SS before and after tribocorrosion test. 

Fig. 13. Schemic illustration of evolution in OCP of 316L SS during and after sliding (a), the evolution of repassivation time and repassivation rate ( K 1 ) obtained from 

Fig. 4 during the intermittent tribocorrosion. 
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ccordingly, indicating that the change of anodic reaction kinetic 

ccelerates the growth of passive film. 

The kinetics of the passive film formation has also been studied 

y Okorie and Nowak [36] through the voltage-step technique, and 

he detected transient current can be described as the following 

quation: 

 t = i 2D exp 

(
− t 

τ2D 

)
+ i 3D 

(
− t 

τ3D 

)
+ i 0 (3) 

In Eq. (3) , the first term characterizes the nucleation kinetics 

f passive film ( τ ) and the second term quantifies the passive 
2D 

76 
hickening rate ( τ 3D ): i 2D and i 3D are the detected current with 

ime and the function of applied potential and film resistance per- 

ormance. i 0 is introduced to consider the steady-state current of 

he passive film. After the sliding, the reformation of passive film 

s a complex process and the dominate mechanisms in different 

egions are different. The formation of passive film follows the fol- 

owing successions: (1) the nucleation of islands and lateral growth 

f these islands; (2) the initial rapid growth of a three-dimensional 

3D) film with a worse density; (3) the continuous growth of film 

eading to a better density and thickening film; (4) thickening of 
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Fig. 14. SEM morphology of the wear track after continuous (a) and intermittent (b) tribocorrison test, local enlarged draw inside the wear track (c) and the 3D image of 

the wear track determined by laser optical profilometry (d), R q = 0.265 μm. 
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he denser passive film by a field-assisted diffusion mechanism 

 37 , 38 ]. Among these processes, the last process of thickening the 

assive film is the most time consuming and the former processes 

re relatively fast. Therefore, if the pause duration is larger than 

he required repassivation time, the measured data fit the logarith- 

ic growth law, just as OCP response in Fig. 4 . As a contrast, OCP

annot reverse back to the initial level with shortening the pause 

uration from 20 min to 5 min in Fig. 6 . According to the analysis

bove, the shortage of pause duration in this experiment condi- 

ion led to the reformed passive thin and porous, which causes a 

alvanic couple to exist in wear track, representing a lower OCP 

alue. These discussions suggest that density and thickness of the 

eformed passive film inside wear track are strongly dependent 

n the pause duration time. The longer the pause duration is, the 

enser and thicker the reformed passive film is. 

.2. The microstructure evolution and transpassivation behavior 

As one of the typical austenitic SSs, 316L ( γ , face-centered 

ubic(fcc)) presents excellent corrosion resistance, but the con- 

ract stress-induced microstructure evolution during tribocorrosion 

s highly susceptible due to its relatively poor hardness. In this 

ase, the initial contact pressure is much higher than that of yield 

trength of 316L SS, thus the deformation induced by frictional 

hear force can be easily observed under the wear track. As is well 

nown, the deformation mechanism of fcc metals under cold work- 
77 
ng closely depends on their stacking fault energy (SFE), which 

epends on the alloy components and controls the formation of 

hear bands, and thus the nucleation site of the martensite [39] . 

ence, SFE plays a critical role in determining whether twinning, 

artensite transformation or dislocation glide will dominate the 

eformation process of the material [ 40 , 41 ]. So far, it has been re-

orted that there are two transformation mechanisms from austen- 

te to martensite, i.e., stress-assisted martensite transformation, i.e., 

-austenite (fcc) → ε martensite (hexagonal-close-paged, hcp) → α’- 

artensite (bode-center-cubic, bcc) and strain-induced martensite 

ransformation, i.e., γ -austenite → twining → α’-martensite. For 316L 

S with SFE of ∼40 mJ m 

−2 , twining is considered as dominant 

eformation mechanism since SFE at the range of 18–45 mJ m 

−2 

40] . From the cross-sectional images ( Figs. 8 and 9 ), it can be

ound that some stripes present on deformed area after sliding. 

eside, detailed TEM results further proved that the α’-martensite 

ransformation has appeared. These results indicate that the de- 

ormation process follows the sequence of γ → twining → α’, which 

elongs to strain-induced transformation mechanism. Moreover, it 

hould also be noted that the friction process is different from 

onventional cold working process, SFE would increase during the 

rictional shear force and make the deformation gradual from 

wining → α’-martensite towards dislocation slip under progressing 

train [42] . 

Apparently, the transpassivation phenomenon, as evidenced by 

he recovered OCP, occurred both after the continuous and in- 
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Fig. 15. Schematic interactions of different wear track characteristics during the intermittent sliding process. 
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ermittent sliding modes as long as pause duration is sufficient. 

he recovery of OCP after sliding characterized the ability of the 

rowth of passive film inside a deformed wear track. Consequently, 

his is not only related to pause duration, but also microstructure 

volution within the wear track [14] . For the passivated alloy or 

aterials, its corrosion resistance is attributed to the dense and 

rotective passive film formed on its surface, which acts as a bar- 

ier between the bare material and corrosive media. TEM obser- 

ation ( Fig. 9 ) clearly shows that the coarse structure has become 

inding and equiaxed grain structure with a size of 80 nm–200 nm 

fter the sliding, where a dense dislocation forest surrounding the 

rain and darker bands can easily be distinguished. Apparently, the 

ranspassivation behavior in the present study is induced by the 

icrostructure inside the wear track once the other experiment 

onditions are kept the same. According to physical meaning of 

OP, the transpassivation behavior reflects an improved protection 

f the reformed passive film. EIS results ( Fig. 12 ) clearly show that

he electron transfer resistance increases by 46.7% after the slid- 

ng, demonstrating a significantly enhanced electrochemical stabil- 

ty of reformed passivate surface. In essence, the electrochemical 

tability reflects the resistance to electrochemical attack, which in- 

olves electron transfer at the interface between metal and corro- 

ive media. Consequently, for a surface covered by a passive film, 

he degree of easing of the electron at the interface is related to 

he protective role of the reformed passive film. The chemical com- 

osition of a passive film in SS is mainly an oxide or hydroxide of 

r and Fe in SS, the distribution and diffusion of Cr is therefore 

he critical factor to affect the formation process and the protec- 

ive property of the now passive film [43] . XPS results suggested 

hat the passive films formed inside and outside the wear track 

ave a similar structure which consists of layer constituting of (Cr, 

e) 2 O 3 . However, the reformed passive film inside the wear track 

resents an increased thickness after sliding. These results indicate 

hat sliding treatment could result in nanocrystallization with the 

ear track, which is beneficial to the formation of a dense and a 

rotective passive film. It is well known that the growth of pas- 

ive film is affected by the microstructure of a passive alloy. Al- 

hough some researches have indicated that decreasing the size of 

rain increases the density of diffusion paths for elements to mi- 

rate, the enhanced diffusion process is not considered to occur at 

oom temperature in the present study [44] . On the contrary, the 

anocrystallization increased the passivation rate through provid- 

ng a more nucleation site, which is a better explanation for the 

mproved passivated process in the present study [44] . In addition, 
s

78 
he influence of martensite phase transformation on the passive 

ehavior after sliding was not discussed independently here be- 

ause of the difficulty of separating the martensite transformation 

rom grain refinement, dislocation structure and stress concentra- 

ion on the corrosion behavior inside the wear track. Therefore, 

he transpassivation behavior and better corrosion resistance after 

he sliding are attributed to the nanocrystallization inside the wear 

rack that promotes the formation of passive film and increases its 

hickness and compactness. 

.3. The accelerated mechanism under the intermittent tribocorrosion 

rocess 

The wear rate ( Figs. 5 (b) and 7 (b)) calculated from the two 

ntermittent tribocorrosion modes shows that the sample which 

as conducted with the longest pause duration ( X = 20 min) and 

he most sliding cycles ( Y = 2 min, n = 30) produces the most

ignificant deterioration of material loss. Microstructure evolution 

nalysis proves that the nanocrystallizaion combined with suffi- 

ient pause duration promotes the thickness and compactness of a 

ew-formed passive film inside the wear track after sliding. Conse- 

uently, the most sliding cycles combined with completely repassi- 

ated wear track led to the maximum material loss in the intermit- 

ent sliding. Apparently, the deteriorated tribocorrosion resistance 

s related to the formation and removal of the passive film inside 

he wear track. Previous studies have found that the wear rate dur- 

ng the tribocorrosion tests was closely related to the presence or 

ot of a passive film in the contact area [ 45 , 46 ]. Hard and brit-

le solid passive oxide films are considered as third body particles 

r transfer film within the sliding contact area, which involves an 

 ductile metal (first body) and a hard inert counterpart (second 

ody) [47] . 

Fig. 14 presents the morphological characteristics of the wear 

rack under two sliding modes. It is clear that the wear track mor- 

hology images are characterized by a relatively smooth and finer 

cratches after the continuous sliding, but the wider and deeper 

cratches present under the intermittent sliding ( Fig. 14 (a, b)). This 

learly indicates that the intermittent sliding produces a stronger 

brasive wear on a smooth 316L SS surface. Due to the abrasive 

ear, the isolated and parallel grooves present on the whole con- 

act surface. The material was smeared out inside the grooves and 

arge plastically deformed ridges present on the surface ( Fig. 14 (c)), 

howing a typical 3-body abrasion characteristic. 
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According to OPC evolution, it can be deduced that the sliding 

ontact area under the continuous sliding is in an active surface 

tate, while it changes within sliding time under the intermittent 

liding. That is, the wear track alternates between the active and 

epassivated state during each cycle under the intermittent slid- 

ng. Owing to the refinement of grains within the wear track, the 

egenerated passive film is more compact and thicker during the 

ause duration. Then these passive films will be scratched in the 

ubsequence sliding process. Beside, the hardened substrate due to 

he phase transformation inside the wear would also be ejected 

nd act as hard abrasive particles. Consequently, the spalling of the 

epassivated film or hardened substrate was ejected and caused 

eeper abrasive stretches. 

However, it should be noted that the material loss is caused by 

ot only the abrasive wear, but also by the electrochemical corro- 

ion of the metal. The active state at the wear track under the con- 

inuous sliding undergoes a chemical dissolution, which releases 

ree metal ions to solution. The active-passivate alternate transition 

uring the intermittent sliding leads to the release of both partial 

ree metal ions and solid passive film from the substrate, which 

ccelerates the material loss. According to the above analysis, the 

nhanced deteriorated mechanism of material loss is schematically 

resented in Fig. 15 . 

Therefore, it can be illustrated that in the present study the ac- 

elerated deterioration of material loss during the intermittent tri- 

ocorrosion is attributed to the severer and more repetitive abra- 

ive wear, whose periodicity mechanically removes the thickened 

nd denser passive film inside the wear track. 

. Conclusions 

In this research, a comparative study on tribocorrosion behav- 

or of 316L SS under continuous and intermittent slidings was con- 

ucted. Compared with the continuous sliding, the material loss 

as enhanced under the intermittent sliding as the friction sur- 

ace was repassivated after sliding. It was found that due to the 

epeated mechanical slidings, a plastically deformed layer occurred 

nderneath the wear track. Grain refinement and martensite trans- 

ormation ( γ → twining → α’) were clearly observed in the defor- 

ation layer. This microstructure evolution not only improves the 

echanical properties inside the wear track, but also promotes 

he formation of a thicker and compact passive film. Therefore, 

epeated removal of the thickened and hard solid passive film 

rom the repassivated wear track significantly enhances the abra- 

ive wear during the intermittent sliding, which causes greater ma- 

erial loss as compared with the continuous sliding. 
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