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Abstract The tribocorrosion behavior of super duplex

stainless steel overlay weldment, sliding against alumina

counterpart in a pin-on-disk tribometer in 1 M NaCl solution,

was investigated under open circuit potential and potentiostatic

conditions. The results demonstrated the significant effect of

applied potential on the tribocorrosion behavior; by shifting the

potentiostatic potential from cathodic to anodic range, the ma-

terial degradation increased due to the introduction of syner-

gistic wear-accelerated corrosion. Moreover, by shifting from

cathodic to anodic potentiostatic polarization, the wear track

became smoother and the coefficient of friction decreased.

Although some evidences of corrosion-accelerated wear, such

as occasional corrosion pits as well as reduction of work

hardening inside the wear track, were observed, based on the

synergistic approach followed, it was inferred that the dominant

degradation components of the overlay welded specimen were

sequentially wear and wear-accelerated corrosion.

Keywords Super duplex stainless steel � Overlay

welding � Tribocorrosion � Wear-accelerated corrosion �
Corrosion-accelerated wear � Wear topography

1 Introduction

Tribocorrosion refers to the transformation or degradation

of material due to simultaneous action and interaction of

mechanical wear and chemical/electrochemical processes

on the surface [1]. Coupling of mechanical and environ-

mental effects during tribocorrosion action often causes the

synergism or antagonism, i.e., negative synergy. As a re-

sult, the material loss due to tribocorrosion often consid-

erably exceeds the simple sum of losses caused by

mechanical wear and corrosion individually. This excess

degradation occurs through cumulative and irreversible

microscopic changes in the structure of the metal which not

only occur in the wear track but also on the adjacent re-

gions [2, 3].

Since tribocorrosion is a surface phenomenon, re-

searchers usually aim at addressing the need to select and

design new surfaces and to extend the life of available

devices through application of resistant coatings [3–5]. One

of the standard methods to enhance the corrosion resistance

of engineering materials at an affordable price is corrosion-

resistant alloy overlay welding. In this process, a thick

layer of a corrosion-resistant alloy metal with a strong

metallurgical bonding with the substrate is deposited

through a welding process [6, 7]. However, because of their

low surface hardness, corrosion-resistant alloys do not

generally resist tribocorrosion well [1, 8]. Hence, consid-

erable effort is now being made to research and enhance

the performance of these coatings under tribocorrosion and

to develop new superior alloys. Of the most promising

alloys in this quest are duplex stainless steels (DSSs) and

far superior highly alloyed super duplex stainless steels

(SDSSs) which possess both good mechanical properties

and corrosion resistance behavior.

Historically, DSSs were first developed in the 1930s to

be used in pulp industry. But soon they have found many

applications in paper, chemical, fertilizer, nuclear, food

processing, and petrochemical industries where high

strength and localized corrosion resistance, especially in

chloride environments, are required [9, 10]. These alloys
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are commonly used in applications dealing with sliding or

friction in a corrosive media such as centrifugal separators

[11], offshore and marine transportation of slurries [2],

plumbing and pump components, and other particle-laden

fluids. In these applications which mainly deal with ero-

sion-corrosion, overlay welding of SDSSs on less noble

substrates, such as carbon or high-strength low-alloy

(HSLA) steels, proved to be a cost-effective method for

producing protective coatings. However, in some cases, as

in the case of pump components and also in direct-acting

riser tensioner piston rods which are partly submerged into

the sea and are operating in the splash zone, the movements

of parts in the presence of lubricants can lead to catas-

trophic acceleration of coating degradation via extensive

material loss through tribocorrosion [12]. These failures

have also led to failure of SDSS coatings in the discharge

section of centrifugal separators in marine industries where

pressurized saline fluids act as the main lubricant.

It is well-known that the superior corrosion resistance of

SDSSs, like other passive metals, is due to the formation of

a dense high-resistant nanometric surface passive oxide

film which is formed by reaction of the metal with the

corrosive medium. When this film has reached a certain

thickness, it acts like a diffusion barrier and suppresses the

charge transfer through separation of the metal surface

from the corrosive environment.

Generally, the magnitude of surface degradation during

tribocorrosion depends on several factors, including (1) the

material properties comprising chemical composition,

surface hardness, density, microstructure, etc., (2) envi-

ronmental factors containing pH, dissolved oxygen content,

temperature, etc., (3) stability and performance of the

passive film consisting of its adhesion, cohesion, depassi-

vation and repassivation rate, etc., and (4) composition and

thickness of the tribofilm, i.e., the nanometer-thick me-

chanically mixed layer which is formed in the shear zone

between the contacting surfaces, which in turn depend on

the coefficient of friction (COF) and mass transport [1, 13].

Although over the last years many authors have investi-

gated the corrosion resistance of DSSs in different media,

their tribocorrosion behavior was the subject of fewer studies

[2, 14–19]. However, investigations on the structural changes

during tribocorrosion test of other stainless steels [20, 21]

showed that the total tribocorrosion degradation ismainly due

to a phenomenon called depassivation. Depassivation nor-

mally occurs when rubbing causes a local damage or even

removal of the passive film and leads to an accelerated anodic

dissolution of the bare metal through charge transfer in the

galvanic cell formed between the worn and unworn surfaces.

The additional damage caused by depassivation is usually

called wear-accelerated/induced corrosion loss.

However, wear-accelerated corrosion is not the only

synergistic term involved in tribocorrosion, because the

presence of oxide films or corrosion products on the sur-

face asperities can also alter the level of frictional work and

the resulting surface temperatures. This type of synergy is

usually called corrosion-accelerated/induced wear. In the

case of DSSs, the presence of harder carbide/nitride or

intermetallic precipitates, such as v and r, on the surface

establishes a micro-corrosion cell owning to their different

chemical compositions and thus, different corrosion resis-

tances. This situation can result in the preferential anodic

dissolution of the area close to or at the matrix/precipitates

interface [22–24] and thereby can accelerate the pre-

cipitates removal from surfaces and intensify the material

loss.

The current study seeks to evaluate the sliding tribo-

corrosion mechanisms of overlay welded SDSS on HSLA

steel substrate, produced using constant current gas tung-

sten arc welding, in 1 M NaCl solution. The results of this

work can be used to predict the service life and failure

mode of SDSS overlaid components and to prevent their

tribocorrosion degradation.

2 Experimental Procedure

2.1 Materials and Overlay Welding Process

In the current study, a SDSS with the chemical composi-

tions presented in Table 1 was deposited in two layers on

HSLA steel substrates. The overlay welding process was

carried out in the flat position with constant current parallel

to the substrate rolling direction. Accordingly, a thick layer

of the SDSS weld metal was deposited onto the HSLA steel

base using cold wire gas tungsten arc welding process to

obtain a corrosion-resistant top coating. The procedure

consisted of the deposition of several weld beads arranged

side by side which led to the formation of a continuous

surface layer. The welding parameters were chosen based

on previous studies [25, 26] and are summarized in

Table 2.

2.2 Microstructure Examinations

After the overlay welding process and proper post cleaning,

the metallographic specimens were cut from the cross

section and top surface, ground mechanically, polished

with 0.3 lm alumina powder, and electro-polished in a

solution consisting 25 g CrO3, 133 mL acetic acid, and

7 mL distilled water. Then, nital 2 % was used to etch the

substrate. SDSS sections were electro-etched in 40 %

NaOH at 3–5 V direct current (DC). UNS S30403 austenite

stainless steel was used as cathode in electro-polishing and

electro-etching processes. The surface was examined by

Philips XL 30 scanning electron microscope (SEM) and the
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volume percent of the ferrite phase was obtained for 20

images at 2009 magnification using the point counting

method in accordance with ASTM E562.

2.3 Corrosion Tests

For corrosion experiments, small rectangular samples were

cut from the top coating, ground mechanically down to 1200

grit SiC paper, rinsed under distilled water, and dried in hot

air. Before putting the specimens into the electrochemical

cell, the test area of 1 cm2 was created by masking all other

areas using lacquer. The corrosion resistance was evaluated

by means of electrochemical measurements under natural

aerated condition in 1 M NaCl solution at 25 �C. For these

experiments, an electrochemical cell kit consisting of Ag/

AgCl electrode (SSE) as reference electrode and an auxiliary

platinum (Pt) electrode was used; the working electrode, i.e.,

the sample to be investigated, was fixed at the bottom of the

electrochemical cell.

After stabilization of open circuit potential (OCP), i.e.,

the potential established when the cathodic and anodic

reactions take place at the same rate, polarization curve

was recorded dynamically at the scan rate of 1 mV s-1

from -250 mVOCP to a potential corresponding to

5 mA cm-2 current density using an AMETEK PARStat�

2273 Potentiostat. Three measurements were performed to

ensure reproducibility of results.

2.4 Tribocorrosion Measurements

Before tribocorrosion testing, the overlay welded speci-

mens were embedded with a three-component resin-based

insulating material, ground mechanically down to 1200 grit

SiC paper, and then, polished using diamond paste to

achieve a mirror-like surface with roughness value of

\0.3 lm. Then, the samples were rinsed in distilled water,

and dried in hot air for using in tribocorrosion experiments.

Before starting the tests, an exposed area of 2 9 2 cm2 was

prepared by masking all other areas except overlay welded

surface using epoxy-based insulating material.

Experimentally, to simulate the tribocorrosion process

in laboratory conditions, an inert counterpart is rubbed

against the passive metal to measure the electrochemical

and mechanical responses/parameters [1]. In the current

study, the tribocorrosion properties of the material were

evaluated using reciprocating sliding established by rub-

bing an alumina ball of 4.2-mm diameter against the

samples immersed in 1 M NaCl solution. The tribocorro-

sion test system is illustrated in Fig. 1. This system was

assembled by integrating a tribometer and an electro-

chemical potentiostat. In order to electrically isolate the

specimen from the tribometer, the corrosion cell kit was

made of polyamide nylon. Such a setup ensured that only

the exposed test area of the specimen was subjected to

corrosion attack during the test. EG&G� 263A Potentiostat

was used to control the potential of the samples. The ref-

erence and auxiliary electrodes were SSE and Pt, respec-

tively. All the tests were performed at room temperature

(*25 �C) and open to air. During the test, the alumina ball,

held in the test cell, was sliding against the working elec-

trode, under controlled normal force of 19.6 N, sliding

frequency of 1 Hz, and the stroke length of 10 mm. Such a

load corresponded to an average Hertzian pressure of

745 MPa.

Tribocorrosion experiments were performed in a recip-

rocating motion apparatus under three electrochemical po-

tentiostatic polarizations: cathodic potential (-500 mVSSE),

OCP, and anodic potential (?700 mVSSE). The testing po-

tentials were selected from the recorded polarization curves.

To investigate the possibility of hydrogen charging of the

test specimen, and thus, hydrogen embrittlement during

sliding under cathodic potentials, one more test was

Table 1 Chemical composition

of substrate and filler metal

(wt. %)

Material C Cr Ni Mo N Mn Si Cu PRENa

Filler metal 0.03 25.9 9.2 4.2 0.22 0.75 0.94 0.54 46.36

Substrate 0.26 0.02 – 0.05 – 1.36 0.41 0.05 –

a Pitting Resistance Equivalent Number (PREN) = Cr ? 3.3 Mo ? 30 N (wt. %)

Table 2 Constant parameters

used for overlay welding
Parameter Value

Shielding gas Pure (99.99 %) Argon

Shielding gas flow rate 10 L min-1

Filler rod diameter 2.4 mm

Welding electrode 2.4 mm ISO 6848 WTh 20 (98 % W ? 2 % ThO2)

Polarity Direct current electrode negative (DCEN)

Max inter-pass temperature 150 �C

Heat input 0.94 kJ mm-1
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performed at -700 mVSSE. The COF and current were

measured continuously during the experiments. The ex-

periments consisted of 5 steps: (1) cathodic cleaning of the

samples at -1.2 V for 1 min, (2) stabilization of the OCP

before applying potential, (3) application of the selected

potential (either anodic or cathodic potentiostatic polariza-

tions) for 10 min, (4) rubbing under applied potential for

30 min (1800 cycles), and (5) standby at the applied po-

tential for 25 min after rubbing. To ensure reproducibility,

the measurement was repeated three times with a new alu-

mina ball and sample.

After tribocorrosion measurements, the volume loss was

quantified by measuring the surface profiles across each

wear track at three locations (one-fourth, one-half, and

three-fourth of the stroke length) using a Mitutoyo Surftest

SJ-301 profilometer. The average cross-sectional area of

the wear track was then estimated from the profiles by

numerical integration, and the total wear volume was ob-

tained by multiplying the average cross-sectional area by

the length of the wear track which was roughly equal to the

stroke length. The surface topography was examined by

optical microscopy as well as SEM. Vickers microhardness

(HV0.1) measurement was also carried out on the surface of

samples for all exposure conditions, both inside and outside

the wear tracks. A digital Vickers microhardness tester

(Micromet 5101) with an applied load of 100 gf for 15 s

was used for these measurements. The indentation depths

were between 2 and 3 lm, suggesting that the microhard-

ness measurements were not influenced by the surface

roughness and providing good hardness assessment of the

affected surface.

During the pin-on-disk experiment, the surface of the

counterpart alumina ball is always in contact with the

specimen. Thus, analyzing the micrographs of the worn

alumina balls is very helpful for precise determination of

the wear mechanism. Accordingly, after each test, the

counterpart alumina ball was detached from its holder and

its surface was studied with optical microscope. Then it

was washed to remove all the corrosion and wear products

and weighed. The volume loss of the alumina balls was

calculated from changes in the weight measured before and

after sliding using an electronic balance with a sensitivity

of 10-5 g. In the plots discussed in the results section, each

data point of the wear volume loss represents the average

volume loss for the three alumina balls used in each test.

The specific wear rates (Ws) of both SDSS overlay

weldments and alumina balls were calculated based on the

Holm-Archard [27, 28] as the mass loss (Dm) or volume

loss (DV) per distance (L = 1800 cm) and applied load

(Fp = 19.6 N) using the following formula where q is the

density (qball = 3.95 and qspecimen = 7.8 g cm-3):

Ws ¼
Dm

LqFp

¼
DV

LFp

ð1Þ

3 Results

3.1 Microstructure Evaluation

A full microstructure description of the top surface of

SDSS overlay weldment can be found elsewhere [26, 29].

Here, the most remarkable microstructural features are

outlined. As can be seen in Fig. 2a, the interface between

the overlay weldment and substrate was planar, following

by cellular and dendritic structures which suggest a suffi-

cient metallurgical bond between the coating and the

substrate. Moreover, based on Fig. 2b, although the top

surface of the overlay weldment mainly consisted of grain

boundary austenite (GBA) and Widmanstätten austenite

Fig. 1 Schematic representation of the tribocorrosion cell
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(WA), due to the multi-run process utilized, some intra-

granular austenite (IGA) and sporadic partially transformed

austenite (PTA) morphologies were also observed. Re-

garding the total amount of austenite, it was on average

around 62 volume percent.

3.2 Electrochemical Measurements

Figure 3a shows the potentiodynamic polarization curve of

SDSS overlay weldment measured in 1 M NaCl solution.

Four well-defined regions can be observed on this curve:

(1) the cathodic domain with potentials below the corrosion

potential (Ecorr), (2) the cathodic–anodic transition region

around Ecorr, (3) the passive plateau extended from Ecorr to

the breakdown potential which, because ambient tem-

perature is less than the critical pitting temperature for

SDSSs, is in fact the transpassive dissolution critical po-

tential (Etr) [30], and (4) the transpassive dissolution region

of the passive film beginning at Etr. In the cathodic region,

due to the reduction of hydrogen, the potential measured

was negative. The current fluctuations in the passive re-

gion, from -200 to 0 mVSSE, are associated with the

metastable pitting events as a result of dissolution of

chromium nitrides [31–33]. Generally, these metastable

pitting activities in SDSSs can be observed at potentials

below the critical pitting potential at which the metal salt of

the chloride aggressive ion in solution is in equilibrium

with the metal oxide and stable pitting growth starts.

Based on the results obtained, it is obvious that the overlay

weldment showed a broad passive range with a highEtr value.

This is due to the slow cooling rate governed during the

overlayweldingwhich favored a good distribution of alloying

elements between the austenite and ferrite which retarded the

heterogeneous nucleation of IGA on Cr2N particles [26].

However, at the onset of breaking down of the protective

passive film, the current increased abruptly with the potential.

3.3 Tribocorrosion Tests

3.3.1 OCP Measurements

The measurement of OCP during sliding is a simple tech-

nique that can give valuable information about the surface

state of the sliding metal. It is well-known that when a

surface is tested at OCP during tribocorrosion testing, po-

tential shifts cathodically to lower values [34]. This ca-

thodic shift is due to the establishing of a galvanic cell

between the active worn area inside the wear track and the

passive worn or unworn areas inside or outside the wear

track. Thus, as stated in the mixed potential theory [35], the

OCP value recorded during sliding is a mixed potential

which reflects the relative state between the active and

passive areas. This mixed potential is mainly dependent on

the surface area ratio of active (anodic) and passive (ca-

thodic) areas, the repassivation kinetics of the passive film,

and the anodic/cathodic polarization properties of the ma-

terial [34].

The result of tribocorrosion testing under OCP condition

is presented in Fig. 3b. Since the sample was in the passive

state before starting the test, the OCP remained constant

before application of the load. However, upon loading, a

sudden negative shift took place. As discussed previously,

this indicates that some parts of the material were moved to

an active state. During loading, some slight oscillations in

OCP occurred which could be associated to the galvanic

coupling built up between the active and passive regions

[36], formation of third bodies in the wear track, and

competition between repassivation and depassivation [37].

If these oscillations are neglected, it can be seen that as

rubbing continued, the potential decreased continually.

This decrease was not due to an increase in the contact area

or even change in the contact properties, because COF

reduced with time during rubbing (see Fig. 3b). Rather, this

Fig. 2 a The cross section and b the top-surface microstructure of the overlay weldment
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may resulted from the increase in the active to passive

surface ratio or dissolution of ejected wear debris [38].

Finally, due to the complete repassivation that occurred

after unloading, the OCP increased and reached the initial

values observed just before loading.

3.3.2 Cathodic Potentiostatic Measurements

During tribocorrosion at OCP, because no external current

is exerted, the material and the electrolyte are at equilib-

rium and thus, the total net current is zero. This situation

Fig. 3 a The polarization

curve, b–d evaluation of

potential, current, and COF

during tribocorrosion testing in

1 M NaCl solution under

b OCP, c cathodic potentiostatic

polarization (-500 mVSSE), and

d anodic potentiostatic

polarization (?700 mVSSE)
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impedes the proper evaluation of the corrosion kinetics and

quantification of the contributing wear mechanisms. Thus,

in order to quantify the contribution of different degrading

mechanisms, tribocorrosion tests under cathodic and an-

odic potentiostatic conditions were conducted.

Cathodic potentiostatic tribocorrosion experiment was

performed at a constant cathodic potential of -500 mVSSE

which was chosen based on Fig. 1. During testing at OCP,

the cyclic mechanism of passive film abrasion and subse-

quent corrosion of the bare metal enhances the material

wastage. However, under cathodic potentiostatic polariza-

tion, corrosion is negligible, and thus, the material degra-

dation proceeds mainly through the mechanical wear [39,

40].

As can be seen in Fig. 3c, when rubbing started, the

measured cathodic current density rapidly increased. This

negative shift was due to the increase in cathodic reactions

rate, which in turn was related to the formation of the rough

track area as well as the hydrogen evolution, which were

created and adhered to the metal surface, as a result of the

interaction of the surface by the moving alumina ball [41].

Strain hardening of the surface exerted by mechanical wear

may also have a role in increasing the cathodic reaction

rate [1]. During rubbing, some current fluctuations can be

seen at fairly regular time intervals which, based on the

oscillation of COF during rubbing, could be attributed to

the formation and ejection of wear debris [40]. When

rubbing stopped, due to the complete recovery of worn

track surface, the current had shifted toward the values

observed prior to rubbing.

3.3.3 Anodic Potentiostatic Measurements

In this study, anodic potentiostatic tribocorrosion ex-

periments were performed at the constant potential of

?700 mVSSE. This potential was within the typical pas-

sive potential region (see Fig. 3a). Figure 3d shows the

evolution of current and COF with time during anodic

potentiostatic tribocorrosion test. During sliding, the

protective oxide film of the SDSS on the contact areas is

either removed or damaged after a single cycle or a

certain number of sliding cycles and led to wear-accel-

erated corrosion. This depassivation was the main reason

for the abrupt current increase by commencement of the

rubbing. Therefore, it can be said that the corrosion is

accelerated by the sliding action. However, as the test

advanced, as a consequence of a decrease in the contact

pressure due to the larger area of contact created and the

increase of COF, depassivation decreased and thus, the

current had a decreasing trend [34]. When rubbing stop-

ped, due to the anodic repassivation of the worn track

surface, the current shifted cathodically to the values

observed before loading.

3.3.4 Hardness Measurements

As presented in Fig. 4a, due to the work/deformation hard-

ening of the wear track under the rubbing action of the alu-

mina ball, the microhardness measured inside the wear track

was always higher than that of the outside. Moreover, the

hardness values measured in the wear track were the lowest at

anodic potentiostatic polarization and the highest at cathodic

potentiostatic polarization. This was due to the higher work

hardening obtained under cathodic potentiostatic polarization

condition as a result of the higher COF governed (see

Fig. 4b). Same trend has been previously reported by Bidi-

ville et al. on tribocorrosion of 316L austenitic stainless steel

[41]. It should be noted that the decrease in the work hard-

ening under anodic potentiostatic polarization clearly indi-

cates the negative synergistic effect of corrosion on wear.

3.3.5 Evolution of Friction Coefficient

Figure 4b compares the variation of COF with time during

rubbing under different testing conditions. As can be seen,

COF was higher at cathodic potentiostatic polarization

compared with those measured at OCP and anodic poten-

tiostatic polarization conditions. Generally, due to the in-

creased mechanical interlocking, rough surfaces result in

higher COF. Thus, since the worn surface created under ca-

thodic potentiostatic polarization was rougher [(Ra)cathodic =

0.86 lm vs. (Ra)anodic = 0.37 lm, see also Fig. 5b], it

showed higher COF.

Silva et al. [14] reported that because during tribocor-

rosion of UNS S32750 SDSS, the friction force is pro-

portional to the normal load applied between the two

bodies (Amontons’ law), the COF is independent of the

load level [42], but it depends on the applied potential.

Such a potential dependency can be clearly seen in Fig. 4b

and can be attributed to the benefic lubrication effect of the

passive film formed on the surface of the SDSS overlay

weldment under anodic potentiostatic polarization which

significantly reduced the friction coefficient as well as the

surface wear. Conversely, in the cathodic domain, the

protective oxide film disappeared due to hydrogen evolu-

tion which cleansed the surface and made it rougher. This

yielded a higher friction coefficient and thus, a lower re-

sistance to wear.

3.3.6 Wear Topography

The worn surface topography of tribocorrosion samples

was investigated by SEM and the results are compared

against unworn surface in Fig. 5. At cathodic potentiostatic

polarization (Fig. 5b), the wear track was free of corrosion

products, but was rough including many fine abrasion

marks. At OCP (Fig. 5c), the wear track was also quite
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Fig. 4 a Microhardness values

after polarization tests measured

inside and outside the wear

track, b evolution of the

coefficient of friction during

rubbing, c the surface of profiles

at the middle of stroke length,

and d total volume loss under

different polarizations
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rough with many deep and wide abrasion marks, but sev-

eral pits were also detectable. Based on these observations,

it seems that severe abrasive wear was occurred at cathodic

and OCP sliding conditions.

At anodic potential (Fig. 5d), the wear track became

smoother with fine polishing marks and a few deep abrasion

marks parallel to moving direction of alumina balls. Due to

the production of more corrosion products that have been

moved across by the alumina ball, material pile-up close to

the wear track edges was more than that at OCP condition.

Since no corrosion pits were observed outside the wear track,

the presence of pits at the edges of the track area indicates

wear-accelerated corrosion. Generally, the mechanisms in-

volved in tribocorrosion under anodic potentiostatic polar-

ization are highly complex, because there are many factors

affecting the surface. However, SEM micrographs of wear

regions suggest that micro-polishing and occasional micro-

plowing were the dominant wear mechanism.

The wear track profiles of the overlay weldment under

different testing conditions are presented in Fig. 4c. In

Fig. 5 a–d SEM micrograph of the a unworn surface (Ra = 0.23

lm) and b–d worn surfaces under b cathodic potentiostatic polariza-

tion [(Ra)cathodic = 0.86 lm], c OCP [(Ra)OCP = 0.41 lm], and

d anodic potentiostatic polarization [(Ra)anodic = 0.37 lm]. e Optical

micrograph of the alumina counterpart after anodic potentiostatic

polarization
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agreement with the SEM micrographs, it can be seen that the

wear tracks were extremely rough at cathodic and OCP and

became smoother at anodic potential. However, this

smoothness was accompanied by an increase in volume loss

and thus, accumulation of wear debris at the edge of the wear

track.

Observations using optical microscopy on the counter-

acting alumina balls after anodic potentiostatic polarization

sliding, for example, as what is demonstrated in Fig. 5e,

showed insubstantial amount of metallic debris from

working samples at perimeters which confirms the in-

significancy of third-body particles. The analysis of alu-

mina balls showed no adhesive but inconsequential

abrasive wear on the ball surface. This observation confirms

the results obtained through SEM. Considering the average

specific wear rate obtained [(Ws)ball = 5.37 9 10-6 mm3/

Nm vs. (Ws)specimen = 1.76 9 10-4 mm3/Nm], this result is

also in agreement with the literature [40] where it is dis-

cussed that under abrasion mechanism, the degradation of

alumina ball by surface is negligible.

3.3.7 Total Volume Loss Measurements

The volume losses in Fig. 4d were calculated by multi-

plying the cross section area obtained from roughness

profiles (Fig. 4c) by wear length. According to this figure,

the volume loss was higher in anodic potentiostatic polar-

ization sliding than those at OCP and cathodic potentio-

static polarization conditions. Thus, it is obvious that the

passivation enhanced the tribocorrosion degradation. This

could be mainly due to two reasons: (1) wear-accelerated

corrosion mainly through depassivation and (2) corrosion-

accelerated wear mainly through increasing the subsurface

deformation in the presence of the passive film [43]. The

same result has been obtained previously in tribocorrosion

testing of other passive alloys [40, 41, 44, 45].

Generally, when hydrogen embrittlement is a degrada-

tion mechanism, more hydrogen charging is expected at

lower potentials and the wear volume should increase by

increasing the cathodic potentiostatic polarization. How-

ever, the volume loss measured at cathodic potential of

-700 mVSSE was similar to that obtained at -500 mVSSE.

This suggests that in the test solution, hydrogen embrit-

tlement was not a key issue of concern and confirms that

the material loss during cathodic potentiostatic polarization

was only due to the mechanical wear.

4 Discussion

Based on the results presented in Fig. 4d, it can be con-

cluded that cathodic protection of the overlay weldment

can be effective to decrease the tribocorrosion damage,

because the wear volume measured at cathodic potentials

was 22 % lower than the OCP volume loss. Moreover,

since the volume loss difference at OCP and anodic po-

tentiostatic polarization was about 46 % higher, it can be

concluded that, although as reported in the literature the

material removal increased with potential [46], the volume

loss was not significantly affected by the applied potential,

because the volume loss was increased only by 98 % when

the potential was increased from cathodic to anodic as high

as 1400 mV, i.e., 200 % increase. Based on these results, it

is important to identify the contribution of corrosion and

wear in total material removal by tribocorrosion in order to

make more precise decisions for minimizing the material

degradation.

4.1 Synergistic Model

Many efforts have been made by several investigators [36,

47–51] to quantify synergistic effects during tribocorro-

sion. In this study, to evaluate the contribution of different

mechanisms involved in material degradation under anodic

potentiostatic polarization, a synergistic sliding wear model

was selected. In this approach, the total volume loss under

static conditions (Vtot) is considered as the sum of wear

(mechanical) volume loss (Vw), corrosion (chemical) vol-

ume loss (Vc), and the synergistic term (Vw$c):

Vtot ¼ Vw þ Vc þ Vw$c ð2Þ

The Vw$c consists of two terms: the corrosion-acceler-

ated wear loss (Vc?w) and wear-accelerated corrosion loss

(Vw?c), thus

Vtot ¼ Vw þ Vc þ Vc!w þ Vw!c ð3Þ

Vw?c component can include (1) depassivation, i.e., the

material loss due to the dissolution of active surfaces as a

result of mechanical removal of the protective passive film

and creating fresh reactive corrosion surfaces, (2) local

acidification of worn surfaces which can accelerate the

corrosion and prevent the formation of the passive film, (3)

increased mass transport due to the turbulence of corrosive

media in the contact area, (4) lowering the fatigue strength

of the metal, (5) cathodically polarizing and thus, desta-

bilizing the passive film at the surrounding unworn sur-

faces, and (6) locally increasing the surface roughness of

the specimen and thus, enhancing the mass transfer [16].

Vc?w, on the other hand, includes (1) removal of work-

hardened surfaces by corrosion and thus, lowering the

mechanical strength of material [5], (2) introduction of

metallic wear particles produced by the corrosion in the

form of third bodies into the wear track, (3) preferential

dissolution of weaker grain boundaries by corrosive media

and thus, grain loosening and eventual detachment of loose

grains [52], (4) the introduction of stress concentration due
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to micro-pitting, and (5) separation of plastically deformed

wear debris from the metal surface by stress corrosion

cracking [1]. Apart from these positive synergies, Vc?w

can lead to antagonism by (6) blunting the crack tips by

dissolution which retards the crack propagation rate [1].

As discussed, due to the absence of hydrogen embrit-

tlement, the dissolution of metal under cathodic potential

is negligible, and thus, Vw can be estimated equal to

(Vtot)cathodic. This approximation supposes that all other

conditions in the contact area, including friction coeffi-

cient, surface hardness, roughness, adhesion, etc., remained

the same at all potentials, and thus, contains some natural

errors.

Vtot in Eq. 3 can be obtained by profilometry of wear

track in anodic potentiostatic polarization condition. The

current measured during sliding flows mainly through the

wear track [37], and thus, Vc can be calculated by applying

Faraday’s law [36] (Eq. 4) to the current obtained through

the averaging of the current measured before sliding under

anodic potentiostatic condition (Ic):

Vc ¼
QMT

nFq
; ð4Þ

where t is sliding time, Q = $Ic dt, F is the Faraday’s

constant (96,458 C mol-1), q is the material density

(7.8 g cm-3), n is the valence of dissolution and oxidation,

and M is the atomic mass of the alloy given by
P

XiMi,

where Xi is the mole fraction and Mi is the atomic mass of

the alloy constituents, i.e., Fe, Cr, Ni, and Mo. According

to Eq. 4, the calculated value of Vc depends on the value of

n used in the calculation. For stainless steels, both Fe and

Cr dissolve with a valence of 2 in the active region.

However, in the passive region, they form oxides with a

valence of 3 [38]. Thus, the exact valence value is not clear

for the test conditions [42]. In this study, a valence value of

3 was used to account for passive oxide film formation and

dissolution at contact intervals.

It is possible to calculate Vw?c by applying Faraday’s

law to Qw?c. The average current during sliding under

anodic potentiostatic polarization can be assumed to be

wholly due to the oxide film formation and passive disso-

lution at contact intervals [36]. Thus, Qw?c can be calcu-

lated by subtracting Qc from the current obtained through

the averaging of the current measured during sliding under

anodic potentiostatic polarization (Qw$c):

Qw!c ¼ Qw$c � Qc ð5Þ

Then, Vc?w can be extracted from Eq. 3.

4.2 Synergistic Degradation

The contribution of different degrading components is

presented in Fig. 6. It can be seen that a positive synergy

led to more volume loss and this synergy accelerated ma-

terial removal 1.6 times, i.e., Vtot = 1.6 (Vc ? Vw). In other

words, the synergy level was about 60 %. Moreover, it can

be seen that the greatest degrading mechanisms were Vw

and Vw?c. This confirms well with the literature, because

the main proposed mechanisms for degradation of passive

metals in tribocorrosion are reported to be mechanical wear

and depassivation, respectively [36]. Moreover, due to their

relatively low surface hardness, it is generally accepted that

the resistance of SDSSs to abrasion is much weaker than

their corrosion resistance. Thus, great contribution of Vw in

total volume loss is reasonable.

According to the above analysis, the degradation

mechanism of the SDSS overlay weldment can be proposed

as follows. At cathodic potentials, since no repassivation

was possible, after some cycles of sliding, some bare sur-

faces were created. However, due to the higher COF in-

volved, some big wear particles separated from the surface

and participated in sliding. Thus, due to three-body wear-

ing, the wear track surface was quite rough.

At OCP condition, the oxide film formed was not thick

enough to prevent alumina slider from digging into the

surface. Moreover, the corrosion loss also contributed in

degradation at OCP. Thus, the removed thin oxide film re-

grew at each contact interval. However, compared to the

cathodic potentiostatic polarization, dissolution of wear

debris decreased the wear track roughness.

Clearly, at anodic potential, the oxide film formed on the

surface at each contact interval became thicker than that at

OCP. Thus, the repeated removal of the thicker oxide film

by subsequent sliding cycles resulted in higher material

loss. Several researchers [37, 43] reported a similar rela-

tionship between the thickness of the passive oxide film

and the volume loss. In this condition, since wear was

mainly confined to the oxide film removal, a smooth wear

track surface resulted; but occasional detachment of the

grains led to the formation of some scratches on the smooth

surface of the track area. These detachments were mainly

because of corrosion-accelerated wear as a result of the

increase in the number of stress concentration defects re-

sulting from micro-pitting (see Fig. 5).

4.2.1 Wear-Accelerated Corrosion

As discussed by Bello et al. [53], repassivation perfor-

mance and passive oxide film structure are two important

factors in tribocorrosion performance of stainless steels in

two-body or grooving abrasion. These authors have tested

three stainless steels with different passivation rates, and

found that, under a constant load, the material with the best

repassivation performance showed the least volume loss as

a result of synergy. In the literature, there are some other

reports indicating small positive [54] or even negative
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corrosion-accelerated wear synergies [53, 55] for SDSSs in

NaCl-containing solutions. Moreover, Staehle [56] found

that the reaction rates on the mechanically affected surface

areas were one or two orders of magnitude higher than non-

affected areas. Repassivation kinetics, in turn, depends on

the chemical composition and microstructure of the mate-

rials. In SDSSs, the distribution of alloying elements be-

tween ferrite and austenite grains can create local chemical

composition differences. However, based on the presence

of well-grown GBA and WA grains, the partitioning of

alloying elements on the overlay weldment’s surface was

appropriate, and thus, there was only 1.6 times increase in

volume loss. Moreover, it should be noted that in the

current study, 19.6 N load was applied, which worn both

the film and bulk material simultaneously. Thus, repassi-

vation and electrochemical resistance of overlay weldment

were not the only influencing parameters. Rather, me-

chanical integrity also played an important role. In this

regard, 60 % synergy is really negligible.

4.2.2 Corrosion-Accelerated Wear

Pitting is a well-known phenomenon for SDSSs, which is

reported to take place preferentially at Cr2N [57–60] pre-

cipitates and/or elongated c/d grain boundaries with sharp

composition gradients [61, 62] within the microstructure.

According to a previous study [26], the cooling rate from

800 to 500 �C in constant current overlay welding with

exactly the same parameters was found to be about

55 �C s -1. Although such a cooling rate is not enough for

precipitation of intermetallic phases, it is sufficient for

formation of Cr2N [63, 64]. As confirmed by electro-

chemical impedance spectroscopy [26], the presence of

these nitrides resulted in a porous passive film and meta-

stable pitting. In the presence of sliding counter body, these

metastable pits can act as temporary stress risers and ac-

celerate the wear degradation. This clearly confirms the

contribution of corrosion-accelerated wear in degradation

of sample surface.

Another corrosion-accelerating wear mechanism was

the decrease in the work hardening of overlay weldment

under anodic potentiostatic polarization. Compared to the

cathodic potentiostatic polarization, the hardness of the

wear track was found to be lower under anodic tribocor-

rosion test. This indicates a positive synergy between

corrosion and wear; as the work-hardened surfaces were

removed by corrosion, the sliding wear caused more severe

damage to the surface.

5 Conclusion

The present study addressed the tribocorrosion behavior of

SDSS overlay weldments. The combined effect between

corrosion and wear has been demonstrated by open circuit

potential measurements and potentiostatic tests during tri-

bocorrosion tests. The results of this work demonstrated

that in 1 M NaCl solution, by shifting the potentiostatic

potential from cathodic to anodic range, positive synergy,

mainly in the form of wear-accelerated corrosion, led to

accelerated material removal about 1.6 times. Under the

present sliding conditions (19.6 N contact load and 1 Hz

frequency), the wear particles and delaminated materials

from the overlay weldment participated in wearing at ca-

thodic potentials, causing abrasive wear and roughening of

the wear track surface. However, at anodic potentials, apart

from mechanical wear loss, overlay welded specimen

suffered more from wear-accelerated corrosion, where

material removal was dominated by repeated removal and

repassivation of the metal surface during the sliding pro-

cess. The principal tribocorrosion component, thus, chan-

ged from pure wear loss at cathodic potentials, to mixed

wear and corrosion loss in passive potentials. Alumina

counter material showed negligible reactivity against the

Fig. 6 Dominant loss

mechanisms involved in

tribocorrosion
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test materials and as a consequence, the material removal

followed abrasion mechanism.

It should be pointed out that the material loss during

tribocorrosion of SDSSs in the NaCl solutions is expected

to depend on the contact load, applied potential, sliding

time, and frequency. Silva et al. [14] showed that during

the tribocorrosion measurements of SDSSs, corrosion

damage takes place beyond a threshold force, and as the

load level increases, the dominant wear mechanism chan-

ges. Hence, it is required that the effect of load level on the

material degradation be investigated. On the other hand,

Ohe et al. [2] noticed a strong dependency of the degra-

dation mechanism of a SDSS on the passive film integrity.

Thus, kinematic parameters such as sliding time and fre-

quency can also be pivotal factors. Furthermore, the cor-

rosion and tribocorrosion behaviors of materials in

different media [6] and even in a same media with different

concentrations [65] are unalike. Thus, for a complete

evaluation of tribocorrosion of SDSSs, further tests need to

be carried out.
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