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Abstract 

This work studied and compared the tribocorrosion behaviour of low temperature nitrided 

austenitic (316L) and duplex (2205) stainless steels. After gaseous nitriding at 450 °C for 10h, 

the S-phase layer formed on the duplex stainless steel is thicker and harder than that on the 

austenitic stainless steel. The formation of S-phase layers reduces both mechanical wear and 

chemical wear of stainless steels but the duplex type exhibits better tribocorrosion performance. 

Wearing through of the S-phase layer during tribocorrosion leads to a significant drop in open 

circuit potential, friction instability, and total material loss from the nitrided specimens. The 

work concludes that low temperature gaseous nitriding is effective in improving the 

tribocorrosion behaviour of these materials to avoiding catastrophic surface failures. 
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1. Introduction 

Significant progress has been made in low temperature surface alloying of stainless steels and 

other corrosion resistant alloys [1]. This technology involves alloying the surfaces of these 

technologically important alloys with nitrogen (N) and carbon (C) at relatively low 

temperatures to achieve a surface hardening effect without adversely affecting their corrosion 

resistance [1,2]. These low temperature processes were initially applied to austenitic stainless 

steels and were realised most easily by plasma processing. Other thermochemical processes, 

such as conventional gaseous [3-5], salt bath liquid [6,7] and fluidized bed [8] processes have 

also been successfully used to perform the low temperature surface alloying treatments. Other 

categories of stainless steels (SS), such as ferritic and duplex SS, have also be treated by the 

low temperature techniques [8,9-14].  

 

When austenitic SS surfaces are alloyed with N and/or C at sufficiently low temperatures, an 

expanded austenite or S-phase layer is produced. Such a layer is supersaturated with N and/or 

C and has a distorted and expanded face centred cubic (fcc) structure [1-4]. However, the 

structure of the alloyed layer produced on other types of SS is more complicated. Expanded 

martensite ('N) have been reported in the low temperature nitrided layers on martensitic and 

precipitation hardening stainless steels [9,15]. For duplex stainless steels, several types of 

structures have been reported in the low temperature nitrided layers, depending on steel 

composition, process type, and treatment temperature. Several investigators [6,12,13,16] 

reported the formation of a single S-phase layer on duplex SS during low temperature nitriding. 

This requires the transformation from body centred cubic (bcc) to fcc structure in the ferrite 

grains enriched with nitrogen [17]. Such a transformation is thermodynamically possible 

because nitrogen is an austenite-stabilising element. However, other investigators [14,18-21] 

reported the formation of a nitrided layer with mixed phases, i.e. S-phase in the original 

austenite grains and N and nitrides in the original ferrite grains. It has been suggested that the 

two different types of layer structures of the nitrided layers on duplex SS may be due to 

different treatment temperatures [12]. At relatively low temperatures (e.g. <400 ℃), a mixed 

phase (S-phase and N) layer is more like to form, while at higher temperatures, the formation 

of a single S-phase layer becomes possible, probably due to the more favourable kinetic 

condition for the bcc to fcc phase transformation . 

 

The ultimate aim of alloying SS surfaces is to increase the tribological properties of SS 

components without reducing their corrosion resistance. Accordingly, much research has been 

done to evaluate the wear and corrosion characteristics of the treated SS. Most of the research 

on wear and corrosion of nitrogen S-phase layers were conducted separately. However, SS 

components are often used under operating conditions involving simultaneous mechanical and 

chemical actions, i.e. under corrosive wear or tribocorrosion conditions. It is well known that 

there exists a synergism between wear and corrosion, which can result in increased corrosion 

due to wear and increased wear due to corrosion. This can lead to increased total material 

removal far more than what would be expected when wear and corrosion are acting separately 

[22-24]. Little information is available regarding the corrosive wear or tribocorrosion 

behaviour of low temperature nitrided SS [14,25,26]. Furthermore, no studies have been 

reported to compare the tribocorrosion characteristics of nitrided austenitic SS to that of duplex 

SS treated under similar conditions. Lopez et. al. [26] studied the effect of nitrogen on the 

corrosion-erosion synergism of austenitic SS in 3.5% NaCl solution, and found that increasing 

nitrogen content not only enhances corrosion resistance and erosion resistance separately, but 

also enhances corrosion-erosion resistance. Zhange et. al. [7] investigated the erosion-

corrosion behaviour of low temperature liquid nitrided 316L SS and found that low temperature 
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nitriding can improve the erosion-corrosion resistance of 316L SS by up to 84% due to the 

change in predominant material loss mechanism from erosion to corrosion after nitriding. Li 

et. al. [14] studied the tribocorrosion performance of low temperature nitrided duplex SS. The 

authors found that under electrochemical corrosion and corrosion-wear conditions, low 

temperature nitrided duplex SS (<450 °C) showed the best performance, while nitriding at 

higher temperatures (>450 °C) lead to deteriorated corrosion and tribocorrosion performance.  

 

In this work, a gaseous tube furnace was used to nitride austenitic and duplex SS under the 

same low temperature processing conditions. The gaseous thermochemical technology has 

been recently used to perform low temperature nitriding, carburising and nitrocarburising 

treatments of SS [3,4,27,28]. The objective of the present work is to investigate and compare 

the tribocorrosion performance of low temperature nitrided austenitic 316L and duplex 2205 

SS under simultaneous sliding and electrochemical actions in a corrosive solution containing 

3.5% NaCl. Sliding wear experiments were conducted with electrochemical control to 

simultaneously apply or measure potential and current. The contributions of chemical wear and 

mechanical wear to total material removal were analysed.  

 

 

2. Materials and methods 

AISI316L austenitic SS (316L SS) and grade 2205 duplex SS (duplex SS) were used as the 

substrates. The nominal elemental composition of the SS is given in Table 1. The 316L SS has 

an austenite grain structure with an average grain size about 36 m. The duplex SS has a 

mixture of austenite and ferrite grain structure of equal proportion with an average grain size 

about 20 m. The steels were received in hot-rolled bars which were then cut to disc specimens 

5 mm thick and 28 mm in diameter. One of the flat surfaces of each specimen to be treated was 

ground and then polished to 0.05 m (Ra) surface finish. Immediately before nitriding, the 

polished surface was activated by soaking in a solution containing 2 M HCl. A gaseous tube 

furnace was used to perform the nitriding treatment at 450 ℃ for 10 h. The gas atmosphere 

employed was 75% NH3 mixed with 25% N2.  

 
Table 1: Elemental composition of 316L SS and 2205 duplex SS (wt.%) 

 
                       Cr          Ni          Mo          Mn          C          Si          P          S           Fe 

  

      316L SS          17.2      10.1       2.2           1.5           0.03      0.5        0.05      0.03      balance         

      2205 SS          22.5      5.6         3.1           1.4           0.02      0.6        0.03      0.02       balance 

      

 

After the nitriding treatment, standard metallographic procedures were followed to prepare 

cross-sectional samples for structural and morphological characterisation using an optical 

microscope and a scanning electron microscopes (SEM). The optical microscope (Nikon 

Eclipse LV150N) was equipped with the extended depth of focus function, which allows for 

the generation of three dimension (3D) optical images with surface profiles. The depth profiles 

of the nitrogen content across the treated layers were measured by glow discharge optical 

spectrometry (GDOS). The phase constituents of the treated layers were analysed by X-ray 

diffraction (XRD) (Cu-K radiation, 2: 30°-120°, scan speed: 2°/min, step width: 0.05°). The 

surface hardness of the  specimens was measured under various indentation loads ranging from 

50 g and 500 g, using a Vickers microhardness tester (Zwock/Roell Indentec).  

 

Before tribocorrosion testing in 3.5% NaCl solution, the treated surface was slightly polished 

to remove surface deposits and contaminants originated from the treatment. All tribocorrosion 
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tests were conducted in an aqueous electrolyte of 3.5% NaCl dissolved in double distilled 

water, contained in an insulating tribo-electrochemical cell made of nylon. A laboratory scale 

reciprocating tribometer was used for the tests at room temperature (22 ℃). The counter-body 

was an ceramic ball (alumina, 8 mm diameter) held stationary in a holder made of nylon. Before 

the test, except for a test area of 12 mm x 6 mm on the treated surface, an insulating lacquer 

was applied to mask all other surface areas of the sample. This test area was the only conductive 

area exposing to the electrolyte during the test. During tribocorrosion test, the specimen was 

sliding reciprocally against the stationary alumina ball at 2 Hz frequency and with an 8 mm 

amplitude, producing a sliding track of 8 mm length. Before sliding started, a 600 s stabilisation 

period was applied to the specimen under respective conditions. After sliding was terminated, 

the specimen was left in the electrolyte for further 600 s. Electrochemical potentials and 

currents were measured continuously during the entire test cycle by a potentiostat integrated 

with system, where the specimen was connected as the working electrode, a Saturated Calomel 

Electrode (SCE) was the reference electrode, and a platinum mesh served as the auxiliary 

electrode.  

 

The first set of experiments conducted involved potentiodynamic measurements at 1 mV s-1 

sweep rate, scanning anodically from -200 mV vs OCP to 1200 mV vs OCP, without sliding 

and during sliding, with the purpose to generate an overall view of the corrosion and 

tribocorrosion performance of the test specimens. The potentiodynamic sliding was conducted 

at 2 N contact load (790 MPa peak contact pressure) and at 2 Hz reciprocating frequency. 

 

Tribocorrosion measurements were then performed at open circuit potential (OCP), an applied 

cathodic potential (-500 mV(SCE)) and an applied anodic potential (100 mV(SCE)). All tests 

were conducted under 2 N contact load, at 2 Hz reciprocating frequency, and for a total sliding 

duration of 5400 s. The load of 2 N was chosen based on experimental trials to ensure that wear 

mainly occurred within the S-phase layer such that the tribocorrosion behaviour of the S-phase 

layer was tested.  

 

Further tribocorrosion measurements were also performed at OCP at a higher load of 10 N 

(1350 MPa peak contact pressure) with the purpose to accelerate the exposure of the substrate 

to the electrolyte during the test. This would allow for the investigation of the response of the 

treated specimens to tribocorrosion after the treated layers were worn through. 

 

The mechanisms of material loss were investigated by microscopic examination of the 

morphologies of the sliding tracks. Total materials losses (TML) from the sliding tracks were 

obtained by measuring the track profiles using a surface profilometer (Mitutoyo SJ-400).  Each 

tribocorrosion test was repeated. The obtained results were consistent and are reported in this 

paper. To provide an enlarged view of the actual wear depth and the subsurface beneath the 

sliding track, a ball crater of about 1.5 mm diameter was made on the wear track using a rotating 

bearing steel ball of 25.4 mm diameter by using a ball- cratering machine designed for coating 

thickness measurements. 

 

 

3. Results 

 

3.1 Nitrided layer characteristics 

 

The morphology of the nitride layers and the measured nitrogen concentration profiles are 

shown in Fig. 1. A uniform layer about 6 m thick was produced on 316L SS (Fig. 1a). Some 
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slip bands can also be seen in the nitrided layer (Fig. 1a), which is characteristic of low 

temperature nitriding, which produces an S-phase layer with expanded and distorted lattices 

[29]. On the other hand, the layer produced on duplex SS was slightly thicker but less uniform 

with thicknesses ranging from 6 m to 9 m (Fig. 1b). This is characteristic of low temperature 

nitriding of duplex SS which contains a mixture of ferrite and austenite which have different 

nitrogen diffusivity [12]. The nitrogen and carbon concentration profiles (Fig. 1c) clearly show 

that nitrogen was incorporated at the surface and subsurface to form the nitrided layers. The 

nitrogen content at the surface reaches more than 20 at% and decreases gradually with 

increasing depth. The nitrided layer formed on duplex SS is thicker and contains more nitrogen 

than that formed on 316L SS. 

 

 
 

Fig. 1: Morphology of the nitrided layer on (a) 316L SS and (b) duplex SS, and (c) nitrogen 

concentration-depth profiles measured by GDOS.  

 

XRD analysis confirms the formation of a predominantly S-phase (expanded austenite N) layer 

on 316L SS and duplex SS (Fig. 2a). The diffraction pattern from treated 316L SS contains N 

peaks which shift to smaller diffraction angles relative to those from the austenite substrate.  

This is due to the supersaturation of nitrogen in the N phase, leading to lattice expansion 

[3,8,29]. The lattice parameter of the N  phase is about 9% larger than that measured for the 

fcc substrate (ICDD data, card number: 00-033-0397). Interestingly, the diffraction pattern 

from treated duplex SS only contains two N peaks, without any trace of ferrite peaks. This 

suggests that the nitrided layer is indeed a single S-phase layer and the original ferrite phase 

was transformed to S-phase during nitriding. This observation agrees with the observation of 

other investigators [12,13,16]. The relatively high temperature employed (450℃) may favour 

the formation of a single S-phase layer, rather than a mixed phase (S-phase and N) layer [6]. 

 

Although no chromium nitrides were detected in the XRD patterns shown in Fig. 2a, judging 

from the employed nitriding temperature (450℃) and time (10 h) and the S-phase layer 

morphology shown in Fig. 1a, it is expected that some minor chromium nitride precipitates 

would form at the original austenite grain boundaries and along the slip bands. Thus, more 

detailed examination of the XRD patterns was made. In Figure 2b, the XRD pattern from 

treated 316L SS was zoomed-in to reveal the minor peaks. It can be seen that some minor peaks 

matching Cr2N appeared, suggesting the existence of traces of chromium nitride precipitates in 

the nitrided layer on 316L SS. 

 

The formation of the S-phase layer led to enhanced surface hardness of 316L SS and duplex 

SS, see Fig. 3.  As expected, untreated duplex SS is harder than untreated 316L SS due to the 

dual phase structure and the smaller grain size of duplex SS. After nitriding, the surface 
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hardness of treated 316L SS and treated duplex SS reaches 1300 HV0.05 and 1500 HV0.05, 

respectively. With increasing indentation load, the measured surface hardness of the S-phase 

layers decreases due to increased substrate effect. As compared to treated 316L SS, treated 

duplex SS always exhibits higher hardness under all indentation loads, indicating its higher 

load bearing capacity. The higher nitrogen content and larger thickness of the S-phase layer 

formed on duplex SS may contribute to the measured higher surface hardness.” 

 

 

Fig. 2: (a) XRD patterns (Cu K radiation) of the specimens, showing S-phase layers (N) formation on 

the treated specimens, and (b) zoom-in view of the XRD pattern from the treated 316L SS specimen, 

showing the formation of traces of Cr2N. 

 

 

 

Fig. 3: Surface hardness versus indentation load for the test specimens, showing the increased hardness 

and load bearing capacity of the treated specimens. 
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3.2 Tribocorrosion testing under 2 N load 

 

3.2.1 Potentiodynamic sliding testing 

 

Fig. 4 shows the anodic polarisation curves measured during potentiodynamic testing. Under 

the condition without sliding (Fig. 4a), untreated 316L SS and untreated duplex SS showed 

similar polarisation behaviour at potentials below 250 mV(SCE). At higher potentials, 

untreated duplex SS maintained its passivity up to 1000 mV(SCE), however, untreated 316L 

SS suffered from breakdown of passivity at 250 mV(SCE) due to pitting corrosion, leading to 

a significant current density increase. More importantly, in line with the observations reported 

by many investigators [1,2,5,7,9], the S-phase layers exhibited good corrosion resistance, 

which was even better than that of the untreated SS. The corrosion potentials were higher and 

anodic current densities were lower for the treated specimens. The treated 316L SS specimen 

only suffered from noticeable current density increase after the potential reaching 500 

mV(SCE), while the treated duplex SS specimen maintained passivity till the end of the test. 

 

 
 

Fig. 4: Polarisation curves measured during potentiodynamic testing (a) without sliding and (b) with 

sliding (2 N, 2 Hz). The dashed line 100 mV indicates the anodic potential that will be applied for 

further tribocorrosion testing under potentiostatic conditions.  
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With simultaneous sliding during anodic polarisation, the polarisation behaviour of the 

specimens was changed considerably (Fig. 4b). Firstly, the corrosion potential was decreased 

by 200 mV(SCE) for all specimens. Secondly, the anodic current densities were increased by 

two orders of magnitude for the untreated specimens, and by one order of magnitude for the 

treated specimens. The increase in anodic dissolution during sliding is obviously larger for the 

untreated specimens than for the treated specimens. To demonstrate this phenomenon 

quantitatively, the current densities measured at 100 mV(SCE) from various specimens with 

and without sliding are summarised in Table 2. Sliding leads to increased anodic dissolution 

because the passive film may be destructed, leading to the activation of the contact areas 

[23,24,30-32]. Gaseous nitriding at low temperatures is effective in reducing such an adverse 

effect for both types of stainless steels. When comparing the two treated specimens, Fig. 4b 

and Table 2 clearly show that the treated duplex SS exhibited the lowest anodic current density 

during sliding. For the treated 316L SS, the current density increased abruptly at a potential 

about 350 mV(SCE), because of corrosion pit formation (see Fig. 5). The sliding track 

produced on the untreated 316L SS is wide, rough and populated with many micro-pits, in 

agreement with previous observations [33]. Fewer micro-pits were found in the sliding track 

on the untreated duplex SS, in line with the lower current density from this specimen (Fig. 4b). 

The sliding tracks on the treated 316L SS and treated duplex SS specimens are much narrower 

and smoother with some abrasion marks. But pits were found on the treated 316L SS (Fig. 5), 

which account for the abrupt increase in current density shown in Fig. 4b. 

 
Table 2: Measured anodic current density at 100 mV(SCE) from the polarisation curves in Fig. 4.  

 
Specimen                   Untreated 316             Treated 316                Untreated duplex                 Treated duplex 

                                   (mA/cm2)                   (mA/cm2)                   (mA/cm2)                              (mA/cm2)                      

 

 No sliding                   1.42×10-3                    8.74×10-4                    1.61×10-3                               9.72×10-4 

      Sliding                        1.66×10-1                    6.16×10-3                     1.16×10-1                               2.21×10-3 

      

 

 

Fig. 5: Microscopic images of the sliding tracks produced during potentiodynamic sliding tests shown 

in Fig. 4b. 
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The cross-sectional profiles of the sliding tracks are compared in Fig. 6. Total material losses 

(TML) from the treated specimens are nearly 10 times smaller than those from the untreated 

specimens. From these potentiodynamic sliding tests, a conclusion can be drawn that the 

corrosive wear resistance of both types of stainless steels can be improved by gas nitriding 

treatment at low temperatures. The corrosive wear resistance of the four test specimens can be 

ranked as follows in decreasing order: treated duplex SS, treated 316L SS, untreated duplex 

SS, untreated 316L SS.  

 

 

Fig. 6: Surface profiles and TML of the sliding tracks produced during potentiodynamic sliding tests 

shown in Fig. 4b.. 

 
 
 

3.2.2 Potentiostatic sliding testing  

 

Since the potentiodynamic sliding tests reported in the previous section covers a wide range of 

potentials, they do not provide information regarding the tribocorrosion behaviour of the 

specimens at specific potentials. It is imperative to perform tests at individual potentials and at 

OCP. Three potentiostatic sliding tests were conducted at 2 N and 2 Hz, including sliding at 

open circuit, at -500 mV(SCE) (cathodic) and at 100 mV(SCE) (anodic). 

 

At cathodic -500 mV(SCE), the currents recorded during sliding were negative, indicating that 
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the ability to form a surface passive film. Sliding can lead to film removal or destruction, and 

thus can activate the sliding track area [31,32]. This would lead to the shift of the OCP 

cathodically, see Fig. 7a. The untreated specimens experienced more significant cathodic shifts 

in OCP than the treated specimens. Among the two treated specimens, the treated duplex SS 

specimen exhibited smaller cathodic shift in OCP than the treated 316L SS specimen, 

indicating that the treated duplex SS specimen can resist depassivation better. Interestingly, the 

treated 316L SS specimen experienced an accelerated drop in OCP after sliding for about 2000 

s (Fig. 7a). It was initially thought that the S-phase layer on the 316L SS specimen was 

gradually worn through after 2000 s sliding. But surface profile measurements across the 

sliding track (Fig. 8b) revealed that the wear depth on the treated 316L SS specimen was about 
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1.5 m, much smaller than the S-phase layer thickness (6 m). Thus, the gradual decline in 

OCP for the treated 316L SS specimen was not due to layer removal, but due to the gradual 

change in passivity within the S-phase layer, which is most likely associated with the decline 

in nitrogen concentration along the depth from surface (see Fig. 1c). 

 

 

Fig. 7: (a) Open circuit potential (OCP) measured during testing at open circuit and (b) current 

transients recorded during testing at anodic potential 100 mV(SCE). 2 N, 2 Hz. 
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duplex SS specimen decreased quickly, indicating that the sliding tracks were re-passivated.  

Interestingly, for the treated 316L SS specimen, after the initial small increase in current, the 

current increased gradually and then abruptly and erratically after about 2500 s sliding. As 

discussed later, the formation of a few corrosion pits in the sliding track was responsible for 

such a behaviour (see Fig. 11a). The fact that the current from the treated 316L SS specimen 

continued to increase after the termination of sliding (Fig. 7b) suggests that these pits were 

stable and were not re-passivated after sliding is terminated. 

 

Fig. 8: Surface profiles across the sliding tracks created at (a) -500 mV(SCE), (b)OCP, and (c) 100 

mV(SCE). 2 N, 2 Hz. 

 

 

Fig. 9: Measured total material loss versus applied potential. 2 N, 2 Hz. 
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was larger than that from the untreated 316L SS, while at 100 mV(SCE) the untreated duplex 

SS specimen suffered from smaller TML. 

 

From Figs 8 and 9, it is evident that TML of both types of stainless steels at all tested potentials 

can be effectively reduced by low temperature nitriding. In fact, nitriding was more effective 

in reducing TML at 100 mV(SCE) than at OCP and -500 mV(SCE). Among the two treated 

specimens, the treated duplex SS exhibited the best resistance to TML. Interestingly, for the 

treated specimens, the effect of potential on TML was not as significant as that for the untreated 

specimens. At all the applied potentials, the wear depths on the treated specimens were less 

than 2 m, confirming that the S-phase layers were not worn through. The TML from the 

treated 316L SS specimen increased from 1×10-3 mm-3 at -500 mV(SCE) to 1.4×10-3 mm-3 at 

OCP and then to 1.9×10-3 mm-3 at 100 mV(SCE). Such an increment is insignificant as 

compared to that found for the untreated specimen. More interestingly, for the treated duplex 

SS specimen sliding at 100 mV(SCE), a very shallow and narrow sliding track was produced 

and the TML was even smaller than those produced at OCP and at -500 mV(SCE). This fact 

suggests that for this specimen, while wear led to accelerated corrosion (evidenced by current 

increase from 8x10-4 mA to 3.5x10-3 mA), corrosion actually led to decelerated mechanical 

wear (see discussion in Section 4). 

 

Fig. 10 shows the sliding tracks created at various potentials on the four specimens. The 

existence of many parallel abrasion marks in the sliding tracks suggests that the principal 

mechanical wear mechanism of the untreated specimens was abrasive wear. On the other hand, 

mechanical wear of the nitrided specimens was caused by micro-abrasion and polishing, 

resulting in smooth wear tracks. Two cases deserve special mention here. First, the sliding track 

produced at 100 mV(SCE) on the treated duplex SS specimen was very smooth such that very 

limited mechanical damage could be observed. Second, although the current from the treated 

316L SS specimen increased abruptly during sliding at 100 mV(SCE) (Fig. 7b), the resulted 

sliding track was mostly narrow, shallow and smooth (Fig. 10). More detailed examination 

revealed some corrosion pits, shown in Fig. 11. Such localised corrosion led to the large rise in 

current (Fig. 7b). However, the measured TML from the sliding track was small because 

material removal from the corrosion pits could not be measured by the sliding track profiles. 
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Fig. 10: Microscopic images of the sliding tracks created during sliding tests at -500mV(SCE), OCP 

and 100 mV(SCE). 2 N, 2 Hz. 

 

 

 
Fig. 11: Microscopic image (a), 3D optical image (b) and surface profile (c) showing the corrosion pits 

formed on the sliding track on the treated 316L SS specimen produced during sliding test at the anodic 

potential 100 mV(SCE). 2 N, 2 Hz.  
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Fig. 12: Wear scar on the alumina ball after sliding against treated 316SS at 100 mV(SCE). 

 

 

Fig. 12 shows the wear scar on the alumina ball after testing against the treated 316L SS at 100 

mV(SCE). All wear scars on the slider exhibited a similar morphology, which was 

characterised by the existence of scratch marks and some transferred materials. The transferred 

materials on the ball could involve in the mechanical wear of the specimens, as third body 

particles. 
 

 

3.3 Tribocorrosion testing under 10 N load 

 

The results reported in the previous section was obtained under a contact load of 2 N, which 

resulted in wear depths smaller than the thickness of the surface engineered layers on the treated 

specimens (see Fig. 8). Thus the obtained results provide the true characterisation of the 

tribocorrosion behaviour of the S-phase layers. However, any surface layer is expected to have 

a limitted service life due to the gradual material removal from the sliding track. A question 

remains to be answered regarding how the treated specimens respond to tribocorrosion when 

the S-phase layers are worn through to expose the substrate to the electrolyte. In order to shed 

some light on this issue, further experiments were performed at OCP at a higher load of 10 N. 

This would help to accelerate material loss and wearing through of the S-phase layers within 

the realistic test duration. The obtained results are summarised in Figs. 13, 14 and 15. 
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Fig. 13: (a) Open circuit potential (OCP) and (b) coefficient of friction recorded during testing at open 

circuit under 10 N load. 

 

From Fig. 13a, it can be seen that during sliding under 10 N, the drop in OCP for the treated 

specimens was initially smaller than that for the untreated specimens. However, after certain 

periods of sliding, the treated specimens started to experience large drops in OCP which 

gradually reached levels even lower than those of the untreated specimens. For the treated 316L 

SS specimen, the large drop in OCP started after about 1500 s, while for the treated duplex SS 

specimen, it started after about 2500 s. Correspondingly, large changes in COF were recorded 

as shown in Fig. 13b. The large drops in OCP of the treated specimens corresponded well with 

the drops in COF. Once the OCP of the treated specimens reached a relatively stable stage, e.g. 

after 2000 s for the treated 316L SS specimen and 3600 s for the treated duplex SS specimen, 

the COF of the specimens started to increase and gradually reached the values for the untreated 

specimens.  

 

It can be envisaged that the large drop in OCP and COF signified the gradual removal of the 

S-phase layers to expose the substrates. As sliding continued, more substrate was exposed to 

the solution, leading to the further decrease in OCP and COF. After the S-phase layer was 

completely worn through in the middle of the sliding track, relatively stable OCP and COF 

values were reached, which were characteristic of the untreated specimens. Indeed, surface 

profile measurements revealed that the wear depth from the treated 316L SS specimen was 

about 7 m, larger than the S-phase layer thickness (6 m). The wear depth from the treated 
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duplex SS specimen was about 6 m, smaller than the average the S-phase layer thickness. 

However, as discussed in section 3.1 (see Fig. 1b), the S-phase layer on the duplex SS specimen 

was non-uniform with thickness ranging from 6 m to 9 m. Thus, the S-phase layer on the 

treated duplex SS specimen was worn through in some local areas. In order to reveal this more 

clearly, a ball cratering machine was used to create a ball crater of about 1.5 mm diameter on 

the sliding track by a rotating steel ball of 25.4 mm diameter. In the ball crater made, the 

nitrided layer was abraded through to reveal the layer, the substrate and the depth of the sliding 

track in a single and enlarged view. Fig. 14 shows such ball craters created on the two sliding 

tracks on the two treated specimens. Clearly, on the treated 316L SS specimen, the nitrided 

layer was worn through in the middle of the sliding track; and on the treated duplex SS 

specimen, the nitrided layer was worn through in some areas where the thickness of the layer 

was smaller. 

 

 

Fig. 14: Microscopic images showing the sliding track and a ball crater made on the track on  (a) 

treated 316 SS and (b) treated duplex SS, after sliding in 3.5%NaCl solution at OCP under 10 N load. 

Note the wearing through of the nitride layer in the middle of the sliding track in (a) and the localised 

wearing through in (b). 

 

 

Fig. 15: Measured total material loss from the sliding tracks produced at OCP under 10 N load in 

3.5%NaCl solution.  

 
 

Wearing through of the S-phase layer under 10 N load resulted in increased TML from the 

sliding track, particularly for the treated 316L SS specimen, see Fig. 15. In fact, the TML from 

the treated 316L SS specimen was even larger than that from the untreated specimen. On the 
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other hand, the treated duplex SS specimen still exhibited smaller TML than the untreated 

duplex specimen because the S-phase layer was only worn through locally. It is envisaged that 

once the S-phase layer is worn through completely, the treated duplex SS specimen will also 

experience accelerated TML. This illustrates the importance of the sustainability of the surface 

engineered layer in maintaining superior tribocorrosion behaviour. Once the S-phase layer is 

worn through, detrimental effects can occur to the components due to accelerated TML. 
 
 

4. Discussion 

 

The results demonstrate that the tribocorrosion performance of both austenitic and duplex SS 

in the 3.5% NaCl solution can be effectively improved by low temperature gas nitriding , in 

terms of reducing TML under potentiodynamic and potentiostatic conditions. As compared to 

the S-phase layer formed on 316L SS, which contains traces of chromium nitride precipitates 

(Fig. 2b), the S-phase layer on duplex SS is precipitation-free and is thicker and harder (Fig. 

3). The S-phase layer on duplex SS, due to its higher nitrogen content and precipitation-free 

nature, also exhibits better corrosion resistance than that on 316L SS (Fig. 4a). These improved 

mechanical and electrochemical characteristics of the S-phase layer on duplex SS determine 

that the treated duplex SS specimen performs better than the treated 316L SS specimen under 

the present tribocorrosion conditions (Fig. 9). 

 

TML during tribocorrosion results from the combined mechanical and electrochemical actions, 

which lead to mechanical wear and chemical wear [34-36], affected by the synergism between 

wear and corrosion. TML (VT) is the sum of material losses due to mechanical wear (Vmech) and 

chemical wear (Vchem), i.e. 

 

VT = Vmech + Vchem                       (1) 

 

Since sliding leads to the depassivation of the contact area, corrosion of a passive metal is 

enhanced by wear [27,29,34]. Thus, chemical wear is expected to be accelerated by mechanical 

wear. On the other hand, mechanical wear may not be enhanced by corrosion in some cases. 

This is because the corrosion products and the oxide film may modify the contact interface to 

change the mechanical wear characteristics.  

 

In order to derive the tribocorrosion mechanisms involved, it is necessary to derive Vchem and 

Vmech and their contribution to TML at OCP and at the anodic potential. From the corrosion 

currents at OCP and the current transients at 100 mV(SCE) during sliding, Vchem can be 

estimated using the Faraday’s law: 

 

𝑉𝑐ℎ𝑒𝑚 =
𝑖𝑡𝑀

𝑛𝐹𝜌
                           (2) 

 

where i = current flowing through the sliding track, t = sliding time, F = Faraday’s constant 

(96485 C),  =  density of the material (7.9 gcm-3), M = atomic mass of the alloy (55.86), and 

n = valance of corrosion (n=3). The same values listed above were used for the S-phase. Using 

the Tafel method, the i values at OCP are estimated from the cathodic part of the carve and the 

well-defined corrosion potential from the curves in Fig. 4b. At 100 mV(SCE), the i values 

shown in Fig. 7b are used. Table 3 summarises the material loss components at OCP and 100 

mV(SCE) for the specimens. For the treated 316SS specimen tested at 100 mV(SCE), Vchem 

could not be estimated by using Eq.(2) due to localised corrosion (Fig. 7b). 
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Table 3: Summary of material loss components at OCP and 100 mV(SCE) in 3.5% NaCl after sliding 

under 2 N load at reciprocating frequency 2 Hz for 5400 s. 

 
Specimen                   Total material loss             Chemical wear                Mechanical wear              Vchem/VT 

                                   VT (×10-3mm3)                  Vchem ((×10-3mm3)           Vmech ((×10-3mm3)            ×100 (%) 

    

                                  OCP         100 mV             OCP        100 mV            OCP        100 mV             OCP       100 mV 

 

 Untreated 316            6.96          33.0                   2.44         23.2                   4.52        9.84                   35           70 

      Treated 316               1.39          1.93                    0.21          -                       1.18         -                        15            - 

      Untreated duplex       7.47         25.8                    4.17         17.11                 3.30        8.69                   56           66 

      Treated duplex           0.52         0.35                    0.14         0.32                  0.38         0.03                   27           91 

      

    

 

From Table 3, chemical wear counts to 35% and 56% of TML from the untreated 316L SS 

specimen and untreated duplex SS specimen, respectively. The increased contribution of Vchem 

for the untreated duplex SS specimen at OCP is responsible for its slightly larger TML. Low 

temperature nitriding is beneficial in reducing not only chemical wear but also mechanical 

wear. For the treated specimens, mechanical wear is dominant at open circuit: Vchem only 

contributes to 15% and 27% of TML from the treated 316L SS specimen and treated duplex 

SS specimen, respectively. The hardening effect and improved corrosion resistance of the S-

phase layers are obviously responsible for the reduced Vmech and  Vchem. When comparing the 

two treated specimens tested at OCP, the treated duplex SS specimen shows both smaller 

mechanical wear and chemical wear. This is consistent with the facts that the S-phase layer on 

duplex SS has a higher hardness (Fig. 3) and better corrosion resistance SS (Fig. 4) than that 

on 316L SS. 

 

At 100 mV(SCE), the contribution of Vchem to TML is increased for all tested specimens, 

indicating wear-accelerated corrosion. For the untreated specimens, increasing potential from 

OCP to 100 mV(SCE) increases both Vmech and  Vchem. Thus, the synergistic effect results in 

both wear-accelerated corrosion and corrosion-accelerated wear. However, for the treated 

duplex SS specimen, with increasing potential from OCP to 100 mV(SCE), chemical wear is 

increased from 0.14x10-3 mm3 to 0.32x10-3 mm3, while mechanical wear is reduced from 

0.38x10-3 mm3 to 0.03x10-3 mm3. This suggests that corrosion is enhanced by wear, while wear 

is reduced by corrosion. The negligible mechanical wear indicates that the oxide film formed 

during sliding intervals has a protective effect to nearly prevent the mechanical wear of the S-

phase beneath the oxide film from happening. Thus, material loss occurs in the form of repeated 

oxide film formation and then removal without serious damage to the underlying material, 

resulting in a polished-like smooth sliding track morphology, similar to that produced by 

electrochemical-mechanical polishing [37]. 

 

Low temperature surface alloyed stainless steel is a surface engineered system comprising a 

hardened S-phase layer and a relatively soft substrate. In real applications involving 

tribocorrosion where continuous material removal occurs, concerns may arise regarding the 

sustainability of the S-phase layer having a finite thickness. The hard and corrosion resistant 

layer may be damaged in some local areas, leading to the local exposal of the substrate to the 

corrosive environment. This may create a surface layer-substrate galvanic couple and may lead 

to a modification to the tribocorrosion behaviour of the system.  Indeed, the tests at OCP under 

10 N demonstrate that once the S-phase layer is worn through, even locally, the OCP is 

decreased quickly to reach a level even lower than that of the untreated SS (Fig. 13a). This is 

obviously associated with the galvanic coupling between the S-phase and the substrate, both 
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being exposed to the solution. Such an adverse electrochemical change is accompanied with 

the instability of friction (Fig. 13b) and accelerated TML from the sliding track (Fig. 15). Such 

a situation is undesirable in practical applications. It is thus important to maintain the integrity 

of the surface layer with the substrate as a system in order to avoid premature and catastrophic 

failure. The same conclusion may be drawn for other surface engineered systems exposed to 

tribocorrosion environments. 

 

 

5. Conclusions 

 

This work investigated and compared the tribocorrosion behaviour of the S-phase layers on 

316L and duplex SS in 3.5% NaCl solution at OCP and under potentiodynamic and 

potentiostatic conditions. The conclusions are drawn as follows. 

 

(1) Low temperature gaseous nitriding at 450℃ for 10 h produces an S-phase layer on both 

austenitic and duplex SS. The S-phase layer produced on duplex SS is thicker and harder than 

that on austenitic SS. 

 

(2) The S-phase layers can improve the tribocorrosion behaviour of the SS in the 3.5% NaCl 

solution, by reducing total material loss by 5 to 70 times depending on applied potential.  

 

(3) Total material loss from the untreated SS during tribocorrosion strongly depends on the 

applied potential. Increasing potential significantly increases TML from the untreated 

specimens due to increased chemical wear and mechanical wear arising from wear-accelerated 

corrosion and corrosion-accelerated wear. 

 

(4) Under all combined sliding and electrochemical conditions, the S-phase layer on duplex SS 

exhibits better resistance to depassivation and smaller material loss than the S-phase layer on 

316L SS. 

 

(5) The total material loss from the treated 316L SS specimen has a weak dependence on 

potential. Increasing potential from OCP to 100 mV(SCE) results in an increase in total 

material loss only by 1.4 times. The treated 316L SS specimen is susceptible to pitting 

corrosion during sliding at 100 mV(SCE), leading rapid current increase. 

 

(6) The treated duplex SS specimen shows very good tribocorrosion performance at 100 

mV(SCE). Sliding at 100 mV(SCE) results in smaller material loss than sliding at OCP, due to 

corrosion-decelerated wear at the anodic potential. Thus, the S-phase layer on duplex SS is the 

most effective in improving the tribocorrosion behaviour under more aggressive corrosion 

conditions. 

 

(7) Under the present tribocorrosion conditions, wearing through of the S-phase layers results 

in a significant drop in OCP, frictional instability and accelerated total material loss of the 

treated specimens. It is thus necessary to maintain the integrity of the surface layer with the 

substrate in a surface engineered system in order to avoid premature and catastrophic failure 

during tribocorrosion. 
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