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Abstract

This investigation addresses the effect providedhtdystrial surface finishes on the tribocorrospoperties of
316L stainless steel exposed to NaCl solution. ghdistinct surface treatments were evaluated: yetisn
(SS0), electropolishing-passivation (SSEP) and aricrdulation (SSM mechano-chemical + electropatight
passivation). For the tribocorrosion tests, a padstatic approach was considered in order to fgghlthe alloy
behavior under two opposite situations, where r@pason of the surface would be thermodynamicpthgsible
or not (anodic or cathodic polarization, respedyinerhe outcomes demonstrated that the surfaegnients were
either harmful (SSEP) or beneficial (SSM) in temmfisesulting tribocorrosion resistance. The spedidpography
of the micro-undulated sample decreased the raghcbarea and improved the surface lubricatioagneous
medium. SSEP presented the highest chemical wedhrsawveral factors seemed to have contributed for it
including the chemical, mechanical and structurapprties of the passive film. Regardless the serfeeatment,
the tribocorrosion response was modified by thdiagpotential and more severe damage was detednuinéer
anodic polarization. At this potential, calculatsoof the total surface degradation suggested thlatne loss was

mainly dominated by chemical wear.

Keywords: stainless steel; sliding wear; corrosion-wear;agftopography; electropolishing; surface finishing
treatments.



1 Introduction

Stainless steels are well known for their high asion resistance credited to the formation of & ric
chromium oxide layer on the surface (passive layamil therefore, frequently represent an appraprizdterial
alternative for applications in corrosive enviromtse Moreover, stainless steel parts are often gtdwrto the
combination of corrosion and wear in several industectors such as pharmaceutical, food processing,
biomedical, power generation, etc.

The degradation of stainless steels is relatecdhdéodeterioration and breakdown of the passive Jayer
either by mechanical damagee.d. wear), corrosion actione@. pitting) or the combination of both
(e.g. tribocorrosion). The so-called tribocorrosion gess involves material degradation induced by the
simultaneous action of corrosion and wear. Althotlgh process substantially impacts the materidhsey the
mechanical properties at the subsurface could biscaffected due to hydrogen evolution and absarptio
phenomena [1]. Both processes contributing to tdipmsion are coupled, as corrosion may modifyftiotion
conditions €.g. due tocorrosion products on the contact surface), whitgibn and wear can render the material
sensitivity to corrosiongg. removal of the passive layer by wear). The basichaeism of the tribocorrosion
response of passive alloys consists in the disyopif the passive layer by wear action, which poeduan active
area, causing metal oxidation and dissolution waphssivation eventually occurs. In real life &&tlons, these
actions often occur periodically, producing repdatiepassivation-repassivation steps that lead synargy
between mechanical stresses and environmentaksffiitis resulting in premature damage due to ected
loss of functionality [1,2]. The tribocorrosion laefior of passive materials in general, and of &amsteels in
particular, has been largely studied during thé desades, with particular attention paid to thiersction and
synergism of wear and corrosion. These phenomemaa@rdiverse and complex that they were not yédy ful
elucidated to date [3-7].

Several factors interfere in the corrosion, wead &ibocorrosion response of stainless steels. Aymon
them, the nature of the passive film (structure ahdmical composition [8-13]) and the surface topply
(roughness and real surface area [7,12,14,15]) @laignificant role. These two factors could be ified by
surface finishing treatments, which are mainly sggpto improve the characteristics of the passayers and the
surface roughness according to target purpose$g17)].

Considering industrial applications, stainlesslstaefaces are typically treated to improve theirasion
resistance by pickling and/or passivation (chemidtments) or by electropolishing (electrocheinizacess).
Pickling and passivation have a lower cost thaotedpolishing and are based on the dissolutiomwfdorrosion
resistant phases/impurities by controlled acidtadk, thus increasing the overall anti-corrosioopgirties [18—
20]. By comparison, electropolishing is appliedt anly to enhance the corrosion resistance, bat tmgeduce

surface roughness. Electropolishing prompts praefae dissolution reactions in an electrolyte upthe



application of anodic currents, producing a unif@@mrich passive layer, the dissolution of theiged layer and
a lower roughness with a brilliant surface [21,2is more expensive alternative is claimed as effsttive
over time [23].

Moreover, mechanical resistance and fatigue lifestafinless steels could be improved by surface
finishing treatments such as severe plastic defiom#&SPD) processe®.¢. shot peening, surface mechanical
attrition (SMAT)). The principle of these treatmgmionsists in a shot stream blasted against thaellmeturface
[24], inducing heavy straining of the surface unkigh pressure and microstructural modificationkicl could
enhance the physical, mechanical and chemical piepé25,26].

The effect of the surface finishing treatments be torrosion resistance of stainless steels has bee
investigated for years [12,27-30]. However, frorribocorrosion point of view, considerable lesgeritture is
available [31]. Nonetheless, it is well known thiaider tribocorrosion solicitations the surface ertips affect
both wear and electrochemical responses, notabljrittion coefficient and the surface reactivigy.[Likewise,
the chemistry of the passive layers modifies tharvemrrosion response, eventually leading to theeaof
galvanic coupling [5]. Moreover, surface hardnesxslifications also alter the tribocorrosion behavidterature
models [3,4] propose that the anodic current vairnegsrsely proportional to the material hardnessn @nd
Bailey work [32] clearly showed an evidence of thishavior as the stainless steel surface treate8M¥&T
(inducing a higher hardness) presented less mexdianid chemical wear.

With this background in mind, this study is a fieftort to address the wear and tribocorrosion ertgs
of 316L stainless steel (316LSS) surfaces presgritimee industrial surface finishes, namely: paggin,
electropolishing-passivation and micro-undulatione¢hano-chemical + electropolishing + passivatidr)e
micro-undulation technology [33] is claimed to puod superior tribocorrosion behavior, particulanysystems
susceptible to wear-corrosion solicitations. Tligoirorrosion studies here presented were a negestsg; after a
preliminary electrochemical/mechanical investigatitor demonstrating the difference among the sates, in
terms of their surface, mechanical and corrosiapgrties [34]. The results here obtained showttiatndustrial
surface treatments indeed modified the tribocoomsiesponse of 316L in NaCl media, producing either

detrimental (when electropolishing is applied) osifive (in case of micro-undulation) effects.
2 Materials and methodology

2.1 Materials

The investigated materials were 316L stainlessl gikdes (Aperam, France) subjected to three distin
industrial surface treatments (Packo Inox nv, Betgi The employed nomenclature and the procesgdated
in the three surfaces treatments are describedvb@lbe same materials and corresponding homenelatare
employed in a previous investigation of some ofahthors prior to this one [34].

- SSO: chemical passivation (the reference surface).



- SSEP: electropolishing followed by passivation. Ehextropolishing process was performed at 65°@; an
applied current densities varied between 20 anél/dth2.

- SSM: micro-undulation followed by electropolishiagd passivation. The micro-undulation treatment
(mechanochemical procedure) comprises a severdicpi@sformation processe. shot peening or
SMAT) combined with acidic etching. This last stg@duces a micro-roughness topography, which is
locally decreased in a controlled way by electrighihg.

The initial surface state of all plates was 2B aceffinish (cold rolling, annealing, pickling anght skin
cold rolling) [35,36]. As previously mentioned, ttieee surfaces were passivated as a last stepelafal water
rinsing, using an acid solution including nitricidhcThis step is intended to produce surfaces witbn higher
corrosion resistance. It is worth mentioning ttegt &duthors do not dispose of further technicalrimfdion about
the treatments due to the industrial confidentiagreements.

The bulk composition of the 316L specimens is v@njilar, regardless of the surface treatment. TWerame
composition in wt% is: Cr 17.3, Ni 10.1, Mo 2.2, @5, Mn 0.3, Si 0.2, C 0.02-0.03, Fe balance [34].
Nonetheless, the passive layers of SSEP and SSMieampresented chromium enrichment. The thickneaskes
the passive films are about 4 nm for the threesygesurface [34].

The specimen microstructures presented variatiepemtling on the applied surface treatment [34]. It
was reported [34] that SSO exhibited a grain-likierostructure typically observed in 2B surface dhing.
Meanwhile the SSEP samples showed a grain-like astiarcture presenting twinned grains, characteristi
austenitic stainless steels. However, in the chfgedSSM sample, a grain-like microstructure véthimportant
degree of twinning was determined, which is usualigerved in surfaces treated by shot peening &TSM

Mechanical properties (elastic modulus and hardnssse determined in a preliminary work [34]. As
expected, the elastic modulus was constant regardibe surface treatment (approximately 195 GPa).
Nevertheless, hardness was increased due to tme-omidulation process, reaching 3.6 GPa (represgafdout
71% of increase with respect to SSO and SSEP).

Surface morphology parameters (roughness and wss)inare reported elsewhere [34] revealed an
effective decrease in roughness after electrogalisand a significative increase in this as indubgdmicro-
undulation treatmene(@. R.equals to 2.4, 1.1 and 6.6 um for SSO, SSEP and 8Sigectively).

2.2 Wear and tribocorrosion tests

2.2.1 Wear tests (dry)

The wear tests were performed in a pin-on-disotribter TRIBOtester (Tribotechnic, France) using an
alumina ball of 10 mm diameter (grade 25, ISO 3280ounterpart. The tests were carried out atnovanal
loads of 1 and 5 N, respectively correspondinghtd approximate maximum contact pressures of 54898id
MPa. The sliding distance was 10 m (equivalent800-~cycles) for a sliding rate of 12.6 mm/s (60 y@nd a
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wear track radius of 2 mm. The contact intervaktiwas 1000 ms. All tests were performed at roonpe&gature

(22 °C) and triplicated for reproducibility.

2.2.2 Tribocorrosion tests

Corrosion measurements were performed using adlypfree electrode configuration: 316LSS as
working electrode (WE) (exposed area of 1.76 pnoperly isolated), an Ag/AgCI/KGl as reference electrode
(RE) and a Pt-wire auxiliary electrode. The eldgteoused was aqueous 0.5 M NaCl and the workirgtisa
volume was maintained constant (35 ml) for all eikpents. The corrosion measurements were done @sing
potentiostat/galvanostat Solartron 1287 (Ametek AJSThe tribocorrosion tests were performed usimg a
original home-made cell conceived for this study dabricated by 3D printing (details are given et
supplementary material), which improved tests répedility regarding the mounting conditions of thaee
electrodes configuration.

The tests were carried out under potentiostatidrobat cathodic and anodic potentials selectedhfro
previously studied potentiodynamic polarizationves [34]. The corresponding cathodic and anodiergtls
were:Eq= - 400 mV andEp.s= +200 mV vs. Ag/AgCI/KC),: The anodic potential chosef,{s) corresponds to
well-defined passivity ranges observed for all scek. This potentiostatic approach was selecteddtate the
tribocorrosion behavior of the 316L samples in tl@arly distinct situations, in which passive lasyeould be -
or not - spontaneously formed on the surfaces. ffibecorrosion testing under cathodic potential Idole
considered as a “pure wear” experiment if the feifg conditions are satisfied: (1) the applEegdis low enough
for the working electrode to be under cathodic getion (absence of corrosion); (2) the oxygen rddnc
reaction is the main cathodic proces$gt(water reduction reaction and associated hydrogeiugon could
lead to hydrogen embrittlement [37]).

Wear measurements during tribocorrosion tests werelucted under the same conditions described
above for dry wear testing. During the tribocoroostests, the current)(and the coefficient of friction (COF)
were recorded simultaneously.

2.2.3 Wear tracks characterization

The post-mortem characterization of wear tracks pexformed by scanning electron microscopy (SEM)
(Hitachi S-520, Japan), SEM coupled with energpélisive X-ray spectroscopy (EDS) (JEOL JSM-7800F LV
Japan) and optical profilometry (Veeco NT-9300, JSpFhe alumina balls counterparts were characterine
optical profilometry after tribocorrosion tests.

The wear track volumes were estimated from opfpicafilometry measurements done at eight uniformly
distributed locations along the wear track circumfees. These profiles were taken perpendiculare sliding

track. Then, the cross-section arda®f the wear tracks were calculated utilizing tlodtvgare Mountains®7



(Digital Surf, France). Therefore, the averdgies multiplied by the perimeter of the wear tradlcemference to
obtain the total volume los¥y.

In order to determine possible work hardening afibocorrosion tests, such as reported in theditee
[38,39], nanoindentation tests were carried outtlom wear tracks obtained at 5 N, according to previ
experimental settings described elsewhere [34].

3 Assessment of material degradation during tribocorrosion tests

The total degradation of the material during tritmwosion tests can be described by a simple mesti@ani

model (Eq. 1) [40], which considers that materigtiedioration results from mechanical wear and chahwear:

Vi = Vinech tVehem (1)

whereV, is the total tribocorrosion material 1084,ccniS the material mechanically removed by wear, g, is

the material loss due to corrosion, also calledrcbal wear.

The chemical wear was calculated by Faraday's Bgv @), assuming that the current flows mainly tigto the
wear track during the tribocorrosion test (at anqubtential Ep.s). Hence, the material loss due to corrosion at
passive potential without the action of rubbing wassidered as negligible.

ItM

nFp 2)

Vehem =

wheret is the sliding timel is the average current during sliding flowing tigh the wear track surfadd, is the
atomic mass of the alloy given ByX;M;, whereX; is the mole fraction anl¥l; the atomic mass of the alloy
constituents (materials sectionf. is the Faraday's constant (96485 C.iolp is the material density
(7.95 g.c®), andn is the valence of dissolution and oxidation thapetels on the involved anodic reactions.
Here it was assumed = 2.5, supposing that active dissolution and passiidation occurred simultaneously
during tribocorrosion tests [37].

The V, parameter was measured by optical profilometryhef wear track as explained in the section
2.2.3. AtEpss VmechWas obtained by the difference betwegrand Vepem At Ecay Vimec=V: Since damage was

considered to occur only by mechanical wear atpbtsntial [37].



4 Results

4.1 Wear: pin-on-disc tests in dry conditions
Before studying tribocorrosion, pin-on-disc testsrev performed under dry conditions either using
normal loads of 1 or 5 N. The evolution of fricticnefficients is presented in Fig. 1. One repregém curve is

shown for each surface state for illustrative psgaydhowever all curves for each surface state prede similar
trend.
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Fig. 1 Evolution of the coefficient of friction fro pin-on-disc tests on stainless steel plates ptieggedifferent surface

treatments (SSO, SSEP, SSM), the total testing i approximately 800 s&c800 cycles: a) 1 N and b) 5 N of normal
load. (color online)

The evolution of the friction coefficient (Fig. $howed an initial run-in period of about 200 cycéd N
and of around 20 cycles at 5 N, for all sampleseAthis period, especially at 1 N, the three sasplresented
fluctuations due to the complex mechanisms durfirggdontact. The increase of the friction coeffitiefter the
run-in period could be related to adhesion mechasig he decrease of COF as typically observed $M &t 1
N could indicate the brief roughing out of the séemgurface. However, a further increase of COFr dfiese
previous stages might be correlated to both thesidh mechanism and the generation and entraprhem@wo
particles [41], such as observed for SSEP at 1h¢. Sieady state was reached only at 5 N, afteioaippately
300 cycles, which was the result of a smootheramirgurface due to the higher applied load.

Wear mechanisms were identified by means of SEMmiagions of the wear tracks. Adhesive wear was
the main interaction mechanism identified on themteacks regardless the surface treatment. An pbeaof the
wear track morphology for the SSO surface, obtaatelN, is presented in Fig. 2. The features afeskfor SSO
were also representative for SSEP and SSM, thusaiting that the friction response was practicaijependent
of the surface roughness [42]. A 3D topography ienegdisplayed next to the SEM images (Fig. 2anilar

wear mechanismi.e. adhesive wear was observed at 5 N as well (imagegnovided here). A comparable



response was achieved by Sun [16] working undesliling conditions: no remarkable differences wienend
between non-treated and SMAT treated 304 staistess surfaces.
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Fig. 2 Wear track morphology analysis of SSO gitaron-disc tests (dry) at 1 N: a) SEM image (seleoy electron mode)
of the wear track; b) zoom of the framed area Jndpoptical profilometry showing the strong adies (color online)

The alumina counterbody surfaces presented signifienaterial accumulation (evaluated by optical
profilometry) without presenting measurable weaardless the characteristics of the tested stetdcms. This
response is typically obtained for this kind obtliogical pair (hard ceramic against soft metadiif), in which a
strong adhesive mechanism often prevails.

The studied tribological pair led to an extensiMaspic deformation of the surface asperities and
subsequent displacement/adhesion of the soft roatal the alumina ball. Moreover, the affinity ofcbualloy
(oxidized surfaces) to oxygen would produce moreeatbn to the ceramic counterpart [43]. Furthermtre
local-instantaneous high temperatures at the diggeciould produce thermal oxidatidre. the flash temperature
could be several orders of magnitude higher tharatterage temperature on the contact area [44,45].

In general, the adhered metal is brought back ¢octintact during the cyclic sliding, leading to mor
deformation. Throughout this process, wear delbhisd body particles) are produced due to crackingng the
fatigue process (Fig. 2b). Some of these debrisepreted from the contact zone resulting in weas,lavhile
others are retained within the contact, being agglated/compacted on the surface due to adhesioasfo
creating new harder surface layers that could févemprotection of the surface [46]. These comphlztgers can
fracture producing more wear or can undergo simjéeold-welding between particles, leading to the
consolidation of the layers (darker regions witttia wear track in Fig. 2a) [41,47,48].

The compacted layers observed in the wear trackgalthe adhesive mechanisms (Fig. 2a) hindered the
estimation of the volume loss by means of optigafilpmetry (Fig. 2c). Hence, only the wear trackdths
obtained after testing at 1 N and 5 N are repdrtéichble 1.



Table 1 Wear track width obtained from pin-on-dissts (dry) at 1 and 5 N rubbing against alumirbduaing 800 cycles.

Width (um) _ Width (um)

1N 5N
SSO 260 £ 24 460 £ 79
SSEF 206 + 1( 461 £ 5
SSM 181 + 23 319 +£29

The wear track width measurements indicated afsigni lower wear volume for SSM at both testing
loads. This fact could be related to the highedhess of SSM (about 71% higher than SSO or SSER) {8
accordance with the classical Archard’s wear la9},[#hich indicates that the amount of wear is prtpnal to
the applied load/sliding distance and inverselypprtional to the material hardness. At 1 N, the wazamage of
SSEP surface was reduced (narrower wear trackpnmparison with SSO. Such a kind of response coald b
related to its low surface roughness and possisg plastic deformation, which vanished at 5 N tdug higher

contact pressure.

4.2 Tribocorrosion: pin-on-disc tests in 0.5 M NaCkolution

The results obtained from tribocorrosion tests umpa¢entiostatic control dass= +200 mV andE..~= —
400 mV (vs. Ag/AgCI/KCl,), were evaluated to elucidate the particular beimaxf SSO, SSEP and SSM surface
finishes. Different aspects of the tribocorrosi@sponses, such as friction coefficient, currentigians and
degradation mechanisms will be addressed in thewilg sections. The most relevant parameters are
summarized in Table 2.

4.2.1 Evolution of the friction coefficient

Friction coefficients measured during tribocorrosi@sts under potentiostatic control at both stlidie
potentials Ec,: andEyas) are presented in Fig. 3. One representative cisnghown for each surface state for
illustrative purpose (all the tests exhibited adjoeproducibility).

At 1 N (Fig. 3a), the COF values were significantpdified by the applied potential for samples SSO
and SSEP. The COF was higheEaf (about 0.6) with respect to the values registerdst}.ss(about 0.4), which
is in accordance to different studies [37,39]. Tgusitive shift of the COF under cathodic potentiak attributed
to surface modification,i.e. oxide layer removal, without thermodynamic conditiofor repassivation.
Nevertheless, for the SSM surface, the COE.atlisplayed only a slight increase in comparisoBgg,

The COF evolution of SSEP sample reached the steatly between 50 — 100 cycles, at both potentials
and loads. While SSO surface at 1 N, under cathpaliential and for the used sliding distance,rditishow the
stationary state, indicating a continuous productid debris as a consequence of the oxide-oxideacn
probably associated to the higher oxygen contetteaiSSO surface as previously reported [34]. Nbe#ass,
under the other testing conditions, the SSO sam@sented similar characteristics to the SSEP wsgeci The
COF evolution of SSM took longer times to reachgteady state (about 300 cycles) for both appl@drgials at

9



1 N and similar behavior &, for 5 N load. This behavior could be probably redhto the topography of this
sample.
It is worth mentioning that at 1 N it could be algaobserved how the surface characteristics of the

studied samples (initial oxygen concentration, fmeaps and passivity) influenced the evolution ofFQfder
both testing potentials.
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Fig. 3 Evolution of friction coefficient of 316L ahless steel presenting distinct surface treatné®50, SSEP, SSM)
during tribocorrosion tests under potentiostatiotoa (Epass= +200 mV, Ecoe = —400 mV vs. Ag/AgCI/KCLy, the total
testing time was about 800 secE)at 1 N; b)E.at 5 N; ¢)Epassat 1 N; d)Epassat 5 N. (color online)

Concerning the COF monitoring &.ss the smaller values apparently indicated that tthmlogical
contact with the alumina counterbody was facildatéhen the polarization conditions allowed the sspation
of the surface. Similar observations were provithlgdSun and Rana [37], who attributed this effectthe

presence of the oxide film and its increasing théds upon polarization at a passivating potengalch
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perception dates back to Tingle [50], who mentiotied the oxide films formed on metals could pé#xtibear
the applied load and provide an apparent lubrinasiction. This bearing effect could decrease tha@ &hear
strength of the tribological pair due to the reirctof the total contact area, thus decreasingribton of the

system.

At 5 N of normal load, the friction coefficient was presented a sensible decrease in comparigba to
ones computed at 1 N, for all samples and bothngiats. Under cathodic control the steady state rgashed
only for samples SSEP and SSO. However, the oldérerds at 1 N were also verified at 5 N: greatdues of
COF atEcythan atEp.ss(for SSO and SSEP) and only minor differencesrombfor SSM.

The COF values from tribocorrosion testingzat, which was supposed as pure wear without corrgsion
showed lower values than under pure wear in drgitioms (Fig. 1). This outcome pointed out the loating
action of the NaCl solution, despite its low visep$51]. The COF values for samples SSO and SS&tiedised
by approximately 10%, from dry to wet conditionsidar both loads, while the respective decrease @F was
greater for SSM (about 50% at 1 N and about 15% B&K. This sharp reduction in the friction coeffint
observed for SSM in the presence of aqueous elgtetroould be a sign of its enhanced tribologicaperties,
such as reported by the materials supplier. Thedating action of the NaCl solution could alsoibterred by
comparing the wear tracks morphologies in both £gSable 1-2)j.e. reduction of wear track widths under
lubricating conditions. For instance, for SSO &i,3he wear track width decreased from approxinya4él pm
to 195 um, from dry to wet conditions.

4.2.2 Current evolution

Prior to the tribological contact and during tribomsion tests, negative current} Were measured at
cathodic potential, indicating the absence of o and that the main electrochemical activityusdog was
the oxygen reduction reaction. Since no corrosian expected &.,, the material loss in NaCl electrolyte might
be essentially related to the mechanical wear mcti@er lubricating regime [37,39].

Conversely, aEpass When the tribological pair came into contact afiding started, the positive current
magnitude increased abruptly (two to four ordersnafynitude) (Fig. 4). The rupture of the passilim fhn the
tested area, enhanced the current flow througiwvda track. Once the sliding contact finished,dherent values
rapidly decreased due to the repassivation prodéssetheless, these values were slightly highen thase
registered prior to sliding. Two factors might haplayed a concomitant role here. The first onesiated to the
morphological and mechanical changes of the susfasea result of the wear track formation. The sédactor
is the fact that after tribological contact, thesgige layers formed by the application Bfs were necessarily
different than those exhibited by the industriallgated surfaces. The anodic (positive) currentspeted
throughout the anodic potentiostatic test werebaited to both the oxidation of the metal substaad the
oxidation of third body particles entrapped witkiire contact [52]Average current values registered during wear
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are reported in Table 2 (currents measured befodeadter sliding were considered as negligible ffother
calculations).

The abrupt increase of the current during slidires wbserved immediately for SSO and SSEP upon
contact, at both testing loads (Fig. 4). In theases, a steady state with spiky behavior was quithieved,
indicating the rapid disruption of the passive tayand the removal of the asperities in the contactes.
Nevertheless, the SSM sample exhibited a diffelbehavior, with currents progressively increasing ésnction
of the cyclic sliding proces$or both applied loads but particularly for 1 Nend, the morphology of the peaks
indicated the presence of a slight wear, demoisgraihat the low registered was representative of the limited
area of tribological contact. In other words, passayer breakdown and wear occurred locally angragressive
fashion, from the peaks of asperities down to thalleys. It is worth remembering that the highardmess of the
SSM probably favored the smaller contact area ia tase. Regarding the 5 N load, wear was obviously
intensified, leading to a more rapid increase efc¢bntact area and, consequently of the curretii¢T2). Thus,
the current raised few minutes after the contaobfa 200 cycles) and reached the steady-like stadst likely
reflecting the progressive increase of the actiea aue to a gradual removal of the micro-undutatigpography.

Table 2. Summary of the tribocorrosion paratemditined from testing aE;ass= +200 mV andE.y = -400 mV (vs.
g/AgCI/KCLsy) for the treated 316L surfaces at 1 N and 5 N.

= =3 3 3 -
L(O,\T)d (1) 2/;117?3) Vc(h;]mmla()) Vr("r::%:g()) K (‘:nm;hg)lo Wear track width (um) COF Harttigfis(lan\;v)ear
+200 mV +200 mV +200 mV ~ -400 mV +200 mV -400 mV +200 mV -400 mV +200 mV  -400 mV
1 28+4 0.8+0.1 0.7+0.1 0.1 0.2+0.1 184 + 25 119+10 0.4+0.1 0.6+0.1
>0 5 67 +12 2.2+0.2 1.6+0.3 0.6 09+0.2 253 +15 194 +12 0.4+0.1 0.4+0.1 51+0.6 3.4+0.2
1 35+4 0.6+0.1 0.8+0.1 -0.3 03+0.1 150+ 13 127 +23 0.4+0.1 0.6+0.1
SEP 5 106+13 24103 25+0.3 -0.01 0.7+0.2 260+ 10 192 + 48 04+0.1 0.4+0.1 47+04 3.7%0.2
SSM 1 12+8 - 0.3+0.2 - - 187 £ 58 195+8 03+0.1 0.4+0.1 - -
5 77+7 1.8+0.8 1.7+0.3 0.1 - 231+18 230+ 25 0.4+0.1 0.4+0.1 56+0.2 52+0.3
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Fig. 4 Current evolution during tribocorrosion tegierformed on industrial 316L samples under pastatic anodic
polarization Eyass= +200 mV) at: @) 1 N and b) 5 N load. The slidingéiabout 800 sec corresponds to 800 sliding cycles.
(color online)

4.2.3 Degradation mechanisms during tribocorrosion testing

SEM observations were carried out to identify theammechanisms produced during tribocorrosion tests
(Fig. 5-7). Moreover, optical profilometry charaization was performed on the wear tracks and alami
counterparts (Figs. 6-8). These characterizatiensaled that the morphology of the wear tracks stheerity of
the damage and the mechanisms were strongly madifiethe applied potential (-400 mV or +200 mV vs.
Ag/AgCI/KClsy).
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Fig. 5 SEM/EDS analysis of wear tracks obtainedrafibocorrosion tests under potentiostatic cathpdlarization at 5 N
load: a) SSO, b) SSEP and c) SSM. (color online)

Under cathodic potential at 5 N and regardlessstdraple, wear tracks showed traces of smoothening.
Here, the asperities were probably plastically dafsd and removed by shearing during sliding contact
producing debris that were deposited/compactedlynairthe edges of the wear tracks (Fig. 5). Thesapacted
regions subsequently suffered cracking due todtigue process, possibly creating new wear pastitiat were
either ejected from the contact or remained entrdpp it. Moreover, some scratches characteristaboasive
wear observed on the SSEP and SSM surfaces, wealy Hatected for the SSO sample. This probablybaed
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because of the higher Cr content in the near-seirfaces (at least 10 nm down from the top-surfaaeSSEP
and SSM [34], which potentially contributed to ffreduction of harder debris particles. In otherdgothe likely
superior amount ofthromium oxides (hard phases) was responsiblegoemating more abrasion on SSEP/SSM
than on SSO.

Regarding the 1 N load, a similar response to tieeabtained at 5 N was observed for SSEP and SSO
samples. Alternatively, for the resulting SSM soefm at 1 N, the most evident features were: s@atéfiom
abrasive wear within the entire discontinuous wane and wear debris deposits that remained owehe track.
Again, due to the surface micro-undulation topogygpnore debris might have remained entrappeddrctmtact
zone leading to further abrasive wear.

Under cathodic conditions considerable amount carwaebris were deposited and compacted on the
alumina counterparts (Fig. 6) specially for thecspens SSEP and SSM at 1 N and in a higher amauiNa
favoring the contact 316L-316L and corroboratirtggrefore, the evolution of the friction coefficientth the
sliding distance reported above (Fig. 3).

EDS analysis performed on the worn surfaces (FjgteSted under cathodic control, revealed the
accumulation of oxides in the wear track edgeselkag in the islands-like regions. These oxidesewieh in Cr,
indicating compaction of wear debris arising frdm top surfaces in these regions. Moreover, SEMreghtions
in backscattered mode (not presented here) extiithat wear debris were washed away a few hundred
micrometers from the wear track.

Regardless the sample, surface analysis (Fig.s®) lighlighted that pure mechanical wear damage at
cathodic potential was less aggressive than weaduped in dry conditions (Fig. 2). This fact comfad the
lubrication action and the possible cooling effetthe electrolyte (probably reducing flash tempames during
contact), which reduced the adhesive wear and meddihe wear mechanisms. Under wet conditions, the
generated debris could be more easily ejected fhentontact zone than in dry sliding, reducingniechanical

damage.
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Fig. 6 3D optical profilometry showing the topoghgpcorresponding to the alumina ball surfaces & &fcles (10 m)
sliding distance after tribocorrosion tests undethaodic control. The corresponding samples anéhtesbads are indicated
in the figures. (color online)

Concerning the tribocorrosion tests carried ouEgts (+200 mV vs. Ag/AgCI/KC),), the prevailing
mechanism was abrasive wear accompanied by plsticmation (Fig. 7), despite of the sample unded\s
The worn surfaces were characterized by groovesatieatypical abrasion features (signaled in F{g, €, h)).
During the tribocorrosion process, oxide and mietakbris were produced promoting abrasive wiearharder
oxides debris yielded more abrasion, particulaniytie cases of SSEP and SSM, which presented higher
contents at the industrially finished surfacesebu] wear tracks performed on SSEP and SSM at te$é¢ipted
grooves in the entire worn areas, hence exhibitioge abrasion than the SSO surface, for which we@tches
were observed only at the edges of wear trackdn8yasing the normal load to 5 N (Fig. 7), a samibverall
response was obtained, but with more debris pastigeneration, which further induced more abrasitinin the

whole wear tracks in the three surfaces. The hlmiaa ball counterpart clearly promoted plastifodmation
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and abrasive wear mechanisms since no significlrésion of stainless steel was observed on thdacas after
the tests, as shown in the 3D optical profilométmages presented in Fig. 8. The differences wisipeet to the
morphology of the counterparts at cathodic potéptiain evidence the contrast between the mecheni both
potentials.

m

&0

KD 10

Lo

Fig. 7 SEM in secondary electron mode of wear sauclorphology obtained undgp.ssat 5 N: a-b) SSO, d-e) SSEP, g-h)
SSM,; c¢), f) and i) 3D surface representation byaaptprofilometry of SSO, SSEP and SSM, respectiv@olor online)

With respect toE,ss testing, dynamic repassivation processes congijecdanged the nature of the
contact in comparison to results obtainedEat. In fact, by applying +200 mV, oxide layers contsly
produced on the active surfaces were subsequeathyaged by abrasion, leading to the generation o ha
particles in the contact and modifying the extehimechanical wear. Once oxide particles were wart) their
dissolution rate in NaCl medium was certainly lowlean the dissolution rate of metallic particlegemually
formed during sliding. In any case, reactive matalebris would also undergo oxidation and furtt@mtribute to
the generation of hard oxide particles, producimgerabrasive wear.
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The typical repassivation time for stainless siseapproximately 200 ms [37,53], while the contact
interval time in the present experimental condgiovas 1000 ms. Therefore, since the contact inténa was
greater than the repassivation time, the worn sarfareas instantaneously out of the contact weaend to
repassivate during sliding wear process. One casgdme that the tribological contact for testsquaréd atEp.ss
took place invariably in the presence of newly fechpassivated layers. The dynamic nature of tlisgss helps

to understand the spiky behavior of the correspandurrent curve observed in the tribocorrosiomstesE,ass

(Fig. 4).

Fig. 8 3D optical profilometry showing the topoghgpcorresponding to the alumina ball surfaces & &fcles (10 m)
sliding distance after tribocorrosion tests undesdic control. The corresponding samples and tgdtiads are indicated in

the figures. (color online)
Complementary microscopic observations revealed ptresence of small pit-like features of small
diameter (less than 1 um) in all wear tracks (Figh, e, h)). These pits could also have contributedhe
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observed current spikes [37,54]. Although pittingswiot supposed to occurbgtss(lower potential than pitting
potential) [34], specific tribocorrosion conditionsight have triggered the development of localizedosion.
For instance, Sun and Bailey [55] explained th#tngj initiation is due to the mechanical actiorridg sliding
under specific testing parameters of contact frequesliding time and load, which can produce pessilm
destruction, microcracks, voids and surface roughriecrease; consequently facilitating pitting fation. In
addition, the increase of these parameters prodaggewth in the pits size and number up to certaitical
values where the wear action surpasses the camslifiar pitting development. Furthermore, besideshef
described mechanical effect, the diffusion of oxygewards the areas under tribological contact fisno
complicated [56]. In this case, local oxygen-daptetconditions might have lowered the pitting cseiom
potential of the stainless steel, allowing the fation of pits at a potential that was initially proting passivity
[57-59]. In other words, the local breakdown of fgassive film induced by Clvould occur at lower potentials
under lower associated oxygen concentration camditiHowever, the validation of this hypothesid wahjuire
further investigation.

The small pits size might be explained by the camius competition between pit growth and wear. Pits
formed on the wear tracks could be crashed betiwe@isubsequent contacts, most likely limiting tHeial size
[55]. In contrast to classical corrosion tests,itlath aggressiveness (acidity) of the solution iedide pits was
expected due to the dynamic nature of the tribosion process, favoring the repassivation of im@tapits
during the non-contact period. Moreover, repassingtrocesses after sliding explain the currenthigey similar
values to the ones registered at the beginningeofests (Fig. 4), indicating the metastable charaxf the pits as
well. This phenomenon was previously explained by &hd Rana [37].

In any case, the formation of small pits should mmdify the general kinetics of the repassivation
process, since they are related to very localizednpmena of passive film breakdown. Furthermore, th
contribution of pitting to the measured currentswdt be appreciably lower than that related to tia@sient

exposition of fresh metallic substrates promotedheycontact.

5 Discussion

5.1 Tribocorrosion behavior as a function of applid potential

The aforementioned results clearly indicated thatapplied potential altered the tribocorrosionasidbr
of 316L stainless steel, regardless the surfaegnent. lllustrative examples of the wear trackiifgs highlight
the significant difference between the damage preduat both studied potentials (Fig. 9). The voluoss
calculated from profilometry measurements at cdathpdtential represented between 54 to 74% leskeofotal
volume loss at passive potential, for SSO and S&3Pectively. Similarly, SSM showed smaller wontuwnes
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at E 5, albeit the surface undulations in this case predudiscontinuities in the wear tracks that hindetee

volume calculation.

Z (um)

0 100 200 300 400 500 600
x (um)

Fig. 9 Wear track profiles obtained by optical farhetry from SSEP surfaces after tribocorrosiostitey at 5 N under
potentiostatic controlH,0r Epasy. (color online)

The applied potential also presented a significapiact on the COF evolution determined for SSO and
SSEP (Fig. 3). COF change upon applied potential mare significant at 1 N (about 40% increase figymto
Eca) than at 5 N (~15% increase frdfg.ssto Eca). In general, a higher value of the friction camént indicates
greater wear and strain. However, as mentioned eabeear was less severe Bt than atEq.ss as already
reported by other authors [5,38,39]. Alternativelye degree of wear might be related to the meshaniof
dissipation of the frictional energy and not unilguelated to the intensity of the friction forcgd].

Concerning the SSM surface, differences betweelCME atE.,0r atEy.sswere barely observed at 1 N
and were almost negligible at 5 N (less than 10%vadation). This different behavior was related the
particular SSM topography, which favored the lustien conditions. The penetration of the electmlgnh the
bottom (valleys) of regularly spaced micro-undwa$ probably led to mixed lubrication regime withme
contact area, instead of a boundary lubrication dies morphological effect was less relevanEgts in this
case the electro-mechanical changes induced byiarmmaarization (surface oxidation) were apparently
preponderant, which explained the similar COF walabtained for all the samples at +200 mV. In aoladljt
possible effects related to the particular propsertof the SSM surface (higher hardness and twinned
microstructure [34]) could not be discarded of hguvplayed a role during tribocorrosion tests [1§,32

The dissimilar response at both potentials coulddsociated to the modification of the alloy resise
against mechanical wear and the facilitation of waeelerated corrosion according to the appligémi@l, such
as reported by Favem al. [39]. Similarly, Bidiville et al. [38] mentioned that the applied potential influenced
the surface plastic behavior of 316L steel agaahsiina ball during sliding. They found that theansurface

exhibits a more strained structure with smalleirgrand strain induced martensite at the passitenpial. Here,
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the difference in the deformation response is fibeelated to the passive film that could act adistocation
source in the underlying metal and also as a against dislocation annihilation at the surfa®@][ At passive
potential, the strain accumulated at the surfd@ligenerates three-dimensional defects such e®+woids and
a-martensite, facilitating the nucleation of cracksd produce the detachment of particles and moes {88].
This could explain the increase of the total weathe studied 316L samples at anodic potential.v@osely, at
cathodic potential, since the passive layer cooldrepassivate, dislocations might be annihilateducing their
accumulation in the metal [38], and, thereforeating less defects and making the surface morstagsito wear.

It is important to mention that the surface hardnefter polarization at both potentials increaSeable
2) with respect to the hardness of fresh substrgtés This was true for all surface treatments awatk
hardening was the most likely cause. Additionatigrdness values were greater at samples subjectatbtic
(passive) potential in comparison to those subjedi® cathodic potential. As established by previous
investigations [38,39], microstructural changes amak hardening are more severe at anodic potenté a
result of complex mechanisms, as described abdwe d&crease of hardness between anodic valuesatratic
ones was about 20-30% for samples SSO and SSERpanti8% for SSM.

5.2 Material damage during tribocorrosion

During tribocorrosion tests under anodic polarizatithe chemical wear component represented the mai
contribution for the three surfaces (Fig. 10). Thile material loss ascribed to corrosion acceddréty wear
action was more significant than the mechanical rweamponent (Eq. 1), which represented only a small
contribution of the total material loss. Nonethg|es is worth mentioning that both components wetated to
important uncertainties that could have led to smidcalculations, such as: overestimatioVgf(e.g oxidation
valence, contributions of the small pits or delaxadation to the measured current); and underettmaf V;
(e.g. post-mortentharacterization of wear tracks; wear debris adh&rehe contact zones).

Considering the SSM sample, the total wear volumpwas only estimated und&.ss(at 5 N). The
limited wear observed und&:, (or underEy.ssat 1 N) combined with its topography renderedrtieasurement
of wear track profiles too uncertain. However,auld be easily inferred that the total wear volwwvaes smaller
than the values obtained for SSO and SSEP.

The total loss volume logically increased with #pplied load (1 and 5 N) during the tribocorrosiests,
as a consequence of the contact area and cheng@ealgrnowth aE.ss Landoltet al. [3] described a proportional
relationship between the repassivation currenttaadpplied force, implicating that higher loadswdoproduce
more chemical wear. This proportional relation lsoavalid for the mechanical wear component thategaily
follows the Archard’s law (when neglecting thirddyceffects).
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Fig. 10 Volume loss after tribocorrosion tests perfed under potentiostat polarizatidi(andE,.s) at two normal loads (1
N and 5 N). (color online)

As expected, a different tribocorrosion behaviorswabtained for the three surfaces under study,
particularly atEy.ss The SSEP surface presented a detrimental tribmgion response in comparison with the
SSO and SSM ones, indicating the important roléopbgraphy and chemical composition of the comntgcti
surfaces as reported also by Landbhl. [61].

The highest chemical wear obtained for SSEP undér lmads was probably associated to different
factors. Firstly, the initial chemical compositiand mechanical properties of the passive layer. [Sdtond, the
structure of the passive layer, which was certadlifierent after electropolishing, since the filmogth is very
sensitive to the formation conditions (temperatysel, media, etc.) [62]. During electropolishing,odit
dissolution takes place and leads to faceting 8] the passive film grows following the grain ataion,
giving the microstructure reported for SSEP [34h e contrary, the oxide film of SSO results fram
combination of steps according to the 2B surfaogstii [35]. These previous factors, chemical contpmsi
mechanical properties and structure of the padilivealter its mechanical behavior [10], specifigathe film
adhesion. A poorer adhesion of the passive filmldvouply its easier removal from the contact zonder load.
For instance, indentation results reported preWo{4] indicated that the passive layer of SSEMRilsited
cracking, which was highlighted by the presencpag-in on the load-displacement curves. Finallg, ¢ltent of
accumulated deformation during wear was likely msignificative in the electropolished surface, fang the
corrosion process. As mentioned by Li and Li [4§ increase of dislocation density due to pladiformation
and strain intensifies the corrosion rate by primgjdnore active sites for the electrons.

Conversely to the electropolishing treatment, thigrorundulation process (SSM) ameliorated the
tribocorrosion response. The micro-undulated togolgy definitely affected the depassivation/repagin
processes and mechanical wear rates. This behag®rconsistent with the known model proposed bycMes
et al. [4] (Eq. 3), which describes the anodic curigrim the wear track as follows:

0.5

I, = kvQ, (E) 3)
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wherek includes a proportionality factor related to thehability of depassivation and the number of cantac
asperitiesy is the sliding velocityQ, is the anodic charge needed for repassivakids,the normal load anid is
the material hardness.

Indeed, the specific topography of SSM reducedatiwessiveness of the contact: the limited realacbn
area imposed by micro-asperities regularly distedudecreased thle factor. As a consequence, due to the
enhanced surface lubrication and a possible mixleddation regime [6], the effective applied load 8SM was
also minor (in comparison to SSO and SSEP). Besltdgls surface hardness, such as determined for @&Mo
extensive plastic deformation induced by micro-uation, is reported to improve the general triboosion
behavior [32]. This better tribocorrosion behawoight also be related to the twining associatethéomicro-
undulated surface, reported so as to improve theosion responsgl7,65]. In general, the described
characteristics helped to improve the tribocornesigsponse of 316L stainless steel treated by ruindulation.

It is worth mentioning that with increasing loadsdéor with continuous sliding overtime, the bereefif the

micro-undulation treatment progressively vanisla assult of severe surface modifications.

6 Conclusions

» The dry wear sliding behavior of the 316 stainlstel plates under study was dominated by adhesive
wear and it was not significantly modified by tieistrial finishing treatments.

» The tribocorrosion response of the treated surfages modified by the applied potential producing a
more aggressive response under anodic polarizg#@00 mV vs. Ag/AgCI/KC),), regardless the
surface treatment. The tribocorrosion responsedeasonstrated to be dominated by the chemical wear
component.

» Hardness increase in the wear tracks produced ibpcbrrosion was related to microstructural
modifications and work hardening. This effect waoren predominant at passive potential, as
demonstrated by nanoindentation analysis. The filomeof passive layers was responsible for this
behavior, as a result of the dynamic process ofaspation/repassivation, in which complex
mechanisms interfere.

» The industrial electropolishing treatment (SSER)dpced a detrimental effect on the tribocorrosion
behavior in NaCl media at anodic potential in congmn with the SSO treatment. This response was
related to diverse possible causes: debris reguftiom a surface richer in Cr (more abrasion), the
mechanical behavior of the initial passive layedh@sion) and the higher extent of accumulated
deformation (more active zone for corrosion).

* The micro-undulation process (SSM) enhanced tHeoddrrosion response. The improvement was
principally accounted to the surface topographyp(ioned lubrication) and to the superior surface

hardness (reduction of mechanical wear).
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