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Abstract  

Since amorphous alloys exhibit good wear and corrosion resistance, they are supposed to be 

applied as a candidate implant material. In this work, using laser cladding, Multi-layer Fe-based alloy 

coatings were fabricated from amorphous powders on 316L stainless steel (SS) substrate. When the 

number of cladding layers increases, the microstructure of the coating was mainly composed of γ-Fe 

firstly, then evolved to γ-Fe and α-Fe solid solutions, and then to a composite of amorphous and 

crystalline phases. The surface hardness of the coating was also enhanced consequently to over 1200 

HV. During reciprocate sliding against an Alumina ball in a simulated body fluid (Ringer’s solution), 

the volume loss and the coefficient of friction (COF) of the coatings generally decreased firstly and 

then increased with the number of cladding layers. During sliding at open circuit, the drop in open 

circuit potential (OCP) of all the Fe-based coatings, except for the 1-layer one, was not as significant as 
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that of the 316 SS substrate. Moreover, when applying a cathodic potential during sliding, no obvious 

protective effect was obtained for the coatings, which indicates that the multi-layer Fe-based coatings 

possess a good corrosion-induced wear resistance in comparison to 316L SS. Because of the formation 

of an electric double layer, the fixed potential of 100 mVSCE or -600 mVSCE was beneficial to reduce the 

COF, especially for 316L SS. The tribocorrosion at OCP showed that the 2-layer coating possessed the 

best corrosive wear resistance, and its COF and volume loss were about 3 and 5.6 times lower than 

those of the substrate. The material loss in Ringer’s solution at OCP is mainly controlled by the 

mechanical wear for the coatings and the synergism between corrosion and wear for the substrate. 

Furthermore, this work provides a way to optimize the tribology system by adjusting the number of 

cladding layers to reduce COF and wear in a simulated body fluid. 
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1. Introduction 

Total hip replacement (THR) has emerged as an efficient surgical procedure for relieving pain and 

restoring hip mobility [1], while the metallic based load bearing bio-implants are suffering corrosive 

wear which also causes health issues [2]. To enhance the durability of artificial joints, a plausible way 

is to generate a highly wear-resistant coating on the bearing surfaces [3]. Amorphous alloys (that is, 

metallic glasses) having a similar atom structure with that of liquids show better wear and corrosion 

resistance than crystallized alloys in most cases, and become the potential engineering alloys for 

anti-corrosive wear applications [4]. Amorphous metallic thin films show great promise for 

applications where mechanical and chemical attack coexist due to their excellent wear, corrosion, and 

tribocorrosion resistance [5]. Therefore, the amorphous alloys and their coatings without cytotoxic 

elements are promising biocompatible materials for bio-implant applications [6].  

Normally, amorphous alloy coatings are prepared by thermal spraying, magnetron sputtering or 

electrodeposition [7-9]. Laser cladding [10-14]  is another effective way to fabricate amorphous alloy 

coatings, especially for a metallurgical bonding. Since the formation of the amorphous phase is 

sensitive to chemical compositions, the components of the laser clad amorphous coatings should be 

restricted to a narrow range [11]. Some of the reported laser processing of Fe-based and other 

amorphous coatings involved two stage deposition processes, i.e. preplacing or depositing amorphous 

alloy on the substrates, and then remelting to obtain surface amorphization. Other methods involved 

direct deposition of amorphous alloy powder on crystalline substrates [12, 13]. Although the laser 

parameters were extensively studied, a complete amorphous microstructure deposited by laser cladding 

was still difficult for the open environment and the limited cooling rates. So the coating thickness 

normally is limited to 1.2 mm [14]. Except for the laser parameters, powder purity and shielding gas 

also have obvious influences on the glass-forming ability of alloy coatings. Moreover, because the 

chemical composition is very important to the glass-forming ability, and the dilution from the substrate 

can cause a chemical composition change. Thus, dilution is another important factor of consideration in 
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order to obtain the amorphous phase from laser cladding.  

On the other hand, although corrosion and friction behavior of amorphous alloys and their 

coatings has been extensively studied during the past decade, there is limited work related to their 

tribocorrosion behavior [15]. In a 3.5% NaCl solution, the overall average friction coefficient of the 

Fe-based amorphous alloy was varied from 0.18 to 0.25 depending on the test conditions, and the wear 

resistance was better than that of the commercial bearing steel [4]. Our former work not only proved 

that the Zr-based amorphous alloy has better tribocorrosion resistance than that of AISI 304 stainless 

steel (SS), but also showed the amorphous alloy is beneficial to reduce the wear of the counterface 

(bearing steel disk) [16]. Similarly, because of the highly hydrophilic surfaces in sterile calf bovine 

serum and Hank's solution, Zr-based amorphous alloy decreased the wear rate of the counterface 

(ultra-high-molecular-weight polyethylene, UHMWPE) over 20 times lower than that caused by 

conventional cast CoCrMo alloy [17]. Unfortunately, there are still some challenges in the application 

of amorphous alloys in tribocorrosion. In some conditions, the Zr-based amorphous alloy exhibited 

worse wear resistance in phosphate buffer saline (PBS) and 0.9% NaCl solutions than that in air and 

deionized water, and the wear resistance is strongly influenced by the counterpart materials [18]. 

Moreover, because the pitting resistance is obviously influenced by the protein in the simulated body 

fluid, the wear resistance of Zr-based amorphous alloy is not as good as that of 316L SS, Ti6Al4V and 

CoCrMo although the wear resistance of Zr-based amorphous alloy is better in air and deionized water 

[19]. Meanwhile, comparing with the crystallized amorphous alloy, the amorphous alloy with 

amorphous structure exhibited lower wear resistance in all electrolytes including NaCl solution, 

phosphate buffer solution with or without protein [20]. Thus, as potentially applicable in the situations 

where corrosion and wear act simultaneously, more investigations on the tribocorrosion evaluations of 

amorphous alloys or amorphous coatings still need to be performed in the future. Especially, when the 

coating has variable chemical compositions resulted from dilution by laser melting, the tribocorrosion 

of amorphous alloy coatings contains more uncertainty than that of bulk amorphous alloys. Since 
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Fe-based coatings exhibited better amorphization than other amorphous alloy coatings, one Fe-based 

amorphous powder is selected for laser cladding in this work. Furthermore, because the chemical 

composition variations from the dilution effect will be suppressed gradually by multi-layer cladding, 

this work also aims to evaluate the effects of the number of deposition layers on the microstructure 

evolution and the tribocorrosion behavior. In light of the above, multi-layer Fe-based amorphous 

coatings were fabricated as tribocorrosion-resistant protective coatings using laser cladding. The 

microstructure evolution with different laser cladding layers and the corrosive wear behavior of the 

amorphous coatings in a simulated body fluid (Ringer's solution) were investigated. 

2. Methodology 

2.1  Materials 

 Fe-based amorphous powder (chemical compositions in wt.%: 4~9% Cr, 7~15% Mo, 2~5% Co, 

3~6% Si, 3~6% Al, 2~5% Y and balance Fe) with a particle size of 45~75 µm was used for the alloy 

coating precursor. After mixing with a 4% PVA solution, the powder was pre-placed on the 316L SS 

substrate, and then dried in an oven at 100 °C. For comparing, one of the traditional bio-implant 

material AISI 316L austenitic stainless steel (SS) was also used in the present work with the following 

nominal chemical compositions (in wt.%): ≤0.08% C, 16.0~18.5% Cr, 10.0~14.0% Ni, 2.0~3.0% Mo, 

≤2.0% Mn, ≤1.0% Si and balance Fe. GD-ECYW300 type pulse fiber laser was used for laser cladding 

with 3 kW peak power, 260 mm min−1 scanning speed and 12 Hz frequency. The thickness of the 

pre-placed amorphous powder for each layer is about 0.12 mm. After laser melting, the next amorphous 

powder layer was pre-placed on the former coating again, followed by laser melting. By repeating the 

procedure, a multi-layer coating was formed. Typical multi-layer Fe-based amorphous coatings with 1, 

2, 4, 6, 9 and 12 layers were prepared using the same laser processing method and parameters.  

2.2  Material characterization 
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 X-ray diffraction (XRD) analysis was conducted on the alloy coatings to confirm the phase 

compositions. The XRD system (X’Pert HighScore Plus) was operated with Cu Ka radiation, and the 

diffraction angle (2θ) was varied from 20° to 80°. A HXD-1000TC digital microhardness tester was 

used for the hardness tests and an average value was obtained from 5 randomly located positions on the 

cross-sectional coating for each sample. The indentations were made under a constant load of 1.96 N 

within 15 s. The microstructure morphologies were observed for Fe-based alloy coatings under a 

scanning electron microscope (SEM). The worn surface morphologies of the tested specimen and the 

counterface were examined by optical and SEM for the analysis of corrosive wear mechanisms. 

2.3  Tribocorrosion Testing 

Specimens for tribocorrosion tests were cut to dimensions of 1 cm×2 cm×1 cm and then polished 

with 1,000-grit SiC paper to obtain an average surface roughness (Ra) of 0.1 µm. Before the 

tribo-corrosion tests, the specimens were covered by insulating lacquer except for an area of 1×2 cm2 

which would be exposed to the solution during tribocorrosion testing.  

The tribocorrosion test was performed on a laboratory scale reciprocating wear test machine, 

which has been described in detail elsewhere [21]. A contact load of 10 N was used for all tests at a 

frequency of 1 Hz with an amplitude of 8 mm. The total duration time was 60 min and all the tests were 

performed at 37.5 °C. An Alumina ball with an 8 mm diameter was held stationary as a counterpart 

during sliding. The test cell, the ball holder and all other fixtures were made of nylon. Electrochemical 

measurements were performed by an ACM GILL AC potentiostat and the potentiostat can record or 

control the potential and the current during sliding. The test specimen was served as a working 

electrode, a platinum wire was used as the auxiliary electrode, and a saturated calomel electrode (SCE) 

was served as the reference electrode. All the electrochemical potentials are reported vs SCE. During 
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sliding at open circuit, the OCP was continuously recorded together with the coefficient of friction as a 

function of time. In addition, tribocorrosion tests were also conducted under potentiostatic conditions, 

and the current was measured at constantly applied potentials 100 mVSCE and -600 mVSCE. After each 

test, using a stylus surface profilometer, the surface profiles across each wear track at four locations 

were measured for the evaluation of the total wear volume by multiplying the average cross-sectional 

area and the wear-track length. Furthermore, to analysis the dynamic corrosion resistance, the anodic 

polarization curves were also measured for some of the specimens with and without sliding at a sweep 

rate of 1 mV s−1, starting from −550 mV (vs. SCE) and ending at 700 mV (vs. SCE) or when the 

current density reached 10 mA cm−2. However, the friction coefficient and the wear volume loss were 

abandoned when applying these polarization curve measurements. 

3. Results 

3.1  Microstructure and hardness 

Figure 1 shows the XRD patterns of laser clad coatings with different layers. Only the peaks of 

γ-Fe can be seen from the XRD pattern of 1-layer coating, indicating the chemical composition is close 

to the substrate 316L SS. The peaks of γ-Fe and α-Fe present in the XRD pattern of 2-layer coating, 

suggesting this coating is composed of γ-Fe and α-Fe solid solutions. Because of dilution, the reflection 

intensities of the γ-Fe peaks from the 316L stainless steel substrate diminish with increasing the 

cladding layer. When the cladding layer increases to 4 and 6 layers, there are only α-Fe peaks exhibited 

in their XRD patterns. And the diffuse peak near 42 degree indicates the presence of an amorphous 

phase. On the XRD patterns of 9 and 12 layers, the α-Fe peak is suppressed and presents with some 

unknown peaks. The small multiple peaks may come from the crystallization of the amorphous phase. 

Because of dilution, multi-layer laser cladding favors to obtain a similar chemical composition with the 
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original amorphous powder and then form the amorphous phase in the coating. Therefore, with the 

increasing cladding layer, the microstructure evolves from γ-Fe to α-Fe solid solution, and then to a 

mixture with crystalline and amorphous phases.  

 

Fig. 1. XRD patterns of the laser clad coatings. 

 

Fig. 2. SEM images for the microstructure of coatings with different cladding layer. 

Direct observation on the microstructure of laser clad coatings was done by SEM, as shown in Fig. 

2. The grey network structure and the dark background can be seen in the 1-layer coating. The amount 
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of the grey network in the 2-layer coating increases obviously, indicating that this is an α-Fe solid 

solution and the dark area is a γ-Fe solid solution, as shown in Fig. 1. In the 4-layer coating, the grey 

area increases continually, and the dark area decreases so much that it can't be determined by XRD. 

The SEM morphology of 6-layer coating consists of white area and small dendrites (around 1 µm in 

size), indicating that the white area is the amorphous phase based on the XRD pattern. The amorphous 

phase has been confirmed by Focused Ion Beam (FIB) combined with TEM (Transmission Electron 

Microscopy) in our further work. Both of the XRD patterns and the morphologies of the 9-layer and 

12-layer coatings are similar, and they compose of amorphous phase and dendrites. So the typical 

amorphous composite coating is formed by an amorphous phase and some dendrites embedded in the 

amorphous matrix. 

Because of the importance of the chemical composition, EDS analysis with surface scanning was 

performed on all of the coatings, as shown in Fig. 3. As can be seen, the alloying elements from the 

amorphous powder increase with the number of the cladding layers. Moreover, comparing with the 

dark area, the white area contains more Mo, Y, Si, Cr, Co, but less Al, Fe, Ni in the same coating as 

shown in Fig. 2. So the chemical composition of the laser clad coating varies with the number of the 

laser cladding layer. 

 

Fig. 3. EDS analysis on the top surface of laser clad coating before sliding wear. 
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With the increase of the cladding layers, the microstructure evolution influences the coating 

hardness, as shown in Fig. 4. The hardness of the coating cross-section shows that the hardness 

improves about 3 times from 1 to 12 cladding layers, and the 12-layer coating obtained the highest 

hardness, which is more than 1200 HV. However, on the coating cross-section, the hardness decreases 

gradually with the depth. Except for the change of chemical composition resulted from dilution, the 

amorphous phase crystallization and the crystal phase coarsening due to the repeated heating caused by 

melting of the upper layer may be also responsible for the decreasing hardness on the cross-section. 

 

Fig. 4. Microhardness tests for the cross-section of the laser clad coatings. 

3.2  Polarization behavior 

 

Fig. 5. Anode polarization curves measured for the test samples in Ringer’s solution at a scan rate of 1 

mV s-1. 
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The potentiodynamic polarization behaviour of 316L SS and 6-layer coating in Ringer’s solution 

was measured with and without sliding at a scan rate of 1 mV s-1. Fig. 5 shows the obtained anodic 

polarization curves, which reveal that sliding causes the reduction of the corrosion potential and the 

increase of the passivity current density. The significant passivation can be seen in the anode region of 

316 SS. Due to the damage or even removal of the passive film [22], an increase in the passivity 

current density of 316L SS was more significant during sliding. Moreover, the passivity current density 

of 6-layer coating is a little lower than that of 316L SS during sliding although their passivity current 

densities are similar when no sliding.  

 

Fig. 6. Coefficient of friction recorded for 316L SS and laser clad coatings during sliding in Ringer’s 

solution at open circuit. 

 

Fig. 7. Average values of the Coefficient of friction calculated for 316L SS and laser clad coatings 

sliding in Ringer’s solution at open circuit. 
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3.3  Tribocorrosion test 

To analyze the influence of the number of cladding layers on friction and wear, tribocorrosion 

tests without externally applied potentials (OCP) were performed. Figure 6 shows the coefficient of 

friction (COF) for the Fe-based alloy coatings and 316L SS in Ringer’s solution. The corresponding 

average COF is shown in Fig. 7. With increasing cladding layers, the COF decreases firstly and then 

increases. Except for the 12-layer coating, the COF values of laser clad coatings are lower than that of 

316L SS. Interestingly, the 2-layer coating possesses the lowest COF (0.139) among all specimens, 

which is much lower than 316L SS (0.367) and 12-layer coating (0.366). This could be due to the 

2-layer coating structure which comprises a mixture of α and γ solid solution. Further work is required 

to clarify this phenomenon. 

 

Fig. 8. Open circuit potential detected for 316L SS and amorphous composite coatings during sliding in 

Ringer’s solution. 

During each tribocorrosion test in Ringer’s solution, the open circuit potential (OCP) was recorded 

for all specimens, as shown in Fig. 8. Similar OCP evolution behaviour can be seen for the 4-layer, 

6-layer, and 12-layer specimens as shown in Fig. 8: after the initial sudden drop at the beginning of the 

sliding, the OCP then decreased slowly and smoothly with sliding time. Comparing with 316L SS, the 

1-layer coating exhibits a lower OCP. Due to the low surface hardness, sliding of the 1-layer coating 

caused a wider wear track, which leads to a drop in OCP. However, except for the 1-layer coating, OCP 
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during sliding for other coatings was higher than that for the 316 SS.  

 

Fig. 9. Volume loss calculated from the wear tracks of 316L SS and laser clad coatings after sliding 

wear in Ringer’s solution. 

The effect of the number of cladding layers on the volume loss of amorphous composite coatings 

in Ringer’s solution is illustrated in Fig. 9. Generally, the volume loss decreases firstly and then 

increases with the increasing cladding layers, which is similar to the trend of COF. The volume loss of 

316L SS is 5.7×10-3 mm3, which is about 5.6 times higher than that of 2-layer coating and more than 2 

times higher than that of 12-layer coating. Therefore, the laser clad composite coatings in Ringer’s 

solution exhibit a better tribocorrosion property at OCP. Especially, the 2-layer coating possesses the 

lowest COF and the best wear resistance. Furthermore, the amorphous powder formed coatings with 1, 

2, and 3 layers are being investigated in our next step.  

To analyze the influence of electrochemical potentials on friction and wear, tribocorrosion tests at 

cathodic and anodic potentials were conducted. Fig. 10 shows the relationship between the current 

transients and the time recorded for 316L SS and 6-layer coating before, during and after sliding in 

Ringer’s solution under a potentiostatic condition at a potential of 100 mVSCE and -600 mVSCE, 

respectively. At the anodic potential of 100 mVSCE, for both specimens, the current during sliding 

increased obviously, suggesting wear-induced corrosion. At 100 mVSCE, the current of 316L SS during 

sliding fluctuated around 0.3 mA, while that of 6-layer coating gradually increased with the duration 
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time. In the 316L SS, the relative constant current during sliding is a consequence of the cyclic 

depassivation and repassivation mechanism. The current recorded for 316L SS during sliding fluctuated 

could be attributed to a competition between mechanical depassivation and electrochemical passivation 

rates [23]. The different current transient behavior of the 6-layer coating could be due to the generation 

of some micro cracks during laser cladding and during sliding, which resulted in the increased current 

during sliding and prevented repassivation after sliding, because more sub-surface and even substrate 

could be exposed to the solution. At a cathodic potential of -600 mVSCE, the cathodic current of 6-layer 

coating during sliding was obviously lower than that of 316L SS, in consistency with the 

potentiodynamic testing results shown in Fig. 10(b). 

 

Fig. 10. Current transients recorded for 316L SS and 6-layer coating before, during and after sliding in 

Ringer’s solution under potentiostatic condition at an anodic potential of (a) 100 mVSCE and (b) -600 

mVSCE. 

Correspondingly, the average COF and the average volume loss of 316L SS and 6-layer coating 

sliding in Ringer’s solution under potentiostatic conditions at a potential of 100 mVSCE and -600 mVSCE 

are shown in Fig. 7 and Fig. 9, respectively. The fixed potential of 100 mVSCE or -600 mVSCE favors 

reducing the COF for both specimens, especially for 316L SS. On the other side, a significant increase 

in the volume losses for both 316L SS and the 6-layer coating at an anodic potential of 100 mVSCE can 

be seen in Fig. 9.  
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3.4  Worn surface morphology 

The surface micrographs of 316L SS and laser clad coatings tested in Ringer’s solution at OCP are 

shown in Fig. 11. All the wear tracks are characterized by many plowing marks, suggesting abrasive 

wear is the primary wear mechanism at OCP. 316L SS exhibits the roughest surface, which 

corresponds to the biggest volume loss, as shown in Fig. 8. The surface of the wear track of the 2-layer 

coating is very smooth, which is consistent with the minimum amount of wear, as shown in Fig. 8. 

Meanwhile, as shown in Fig. 11(c), some pit-like features presents in the center of the wear track where 

the highest contact stress is, indicating a fatigue wear mechanism for the 2-layer coating. Although the 

9-layer and 12-layer coatings have higher hardness, their wear tracks didn’t show smooth grooves with 

fine scratching marks, indicating the high hardness does not always favor to improve the wear 

resistance. Moreover, the coating with high hardness may promote the wear on the surface of Alumina 

ball, which in turn accelerates the wear of the coating itself due to the roughened surface of the 

counterpart.  

 

Fig. 11. Worn surface morphologies of 316L SS and laser clad coatings after tribocorrosion test in 

Ringer’s solution at OCP, (a) 316L SS; (b) 1-layer coating; (c) 2-layer coating; (d) 6-layer coating; (e) 
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9-layer coating; (f) 12-layer coating. 

 

Fig. 12. Surface morphology observation for the ball after sliding against 9-layer coating in Ringer’s 

solution at OCP by (a) optical microscope and (b) SEM. 

The surface morphology of the Alumina ball was observed after sliding against the 9-layer coating 

in Ringer’s solution at OCP, as shown in Fig. 12. As can be seen, the ball surface presents a thick 

tribo-layer composed of debris covered on some grooves. It indicates that not only the hard alumina 

slider but also the transferred material on the slider surface lead to the abrasive wear [24]. Since the 

tribo-layer formed from the corrosion products and wear debris, it may work as a lubricant which leads 

to the decrease of COF. The tribocorrosion behavior of the laser clad coating is also strongly influenced 

by the material transfer during the tribocorrosion process. 

4. Discussion 

4.1  Volume loss of corrosive wear 

As mention in the previous literature [18-20], the amorphous alloy does not possess good 

corrosive wear resistance in some cases. With the increasing number of deposition layers, the content 

of the amorphous phase increases in the Fe-based alloy coating, as shown in Fig. 1 and 2. However, 

since the amorphous phase and the crystallized phase are brittle, the increase of amorphous content 

increases the brittleness of coating, which deteriorates the sliding wear resistance, evidenced by the 

worn surfaces shown in Fig. 11(e) and (f). In addition, the brittle coating also favors generating thermal 
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and fatigue cracks, which results in crevice corrosion. On the other hand, the crystalline structure of the 

amorphous alloy could show better corrosive wear resistance than the BMG material with amorphous 

structure due to a nanocrystallization process [20]. Further, since the abrasion of the passive film 

induces wear accelerated corrosion and the presence of the passive film significantly increases 

subsurface deformation [25], the passive film formed in the corrosive solution plays a key role in the 

material removal. Meanwhile, the galvanic coupling could be established between the depassivated 

wear track and the surrounding passive area [26]. For the amorphous composite coating, because the 

corrosion resistance does not mainly depend on the passivation, the effects of the passive film and the 

galvanic corrosion are less than those on 316L SS. Therefore, except for the lowest hardness, the 

significant passivation (as shown in Fig. 5) is responsible for the largest volume loss of 316 SS. 

4.2  Effect of electrochemical potential 

The electrochemical conditions determine material deterioration and the electrochemical 

potentials strongly influence the tribological behavior. Under an electrochemical potential, an electric 

double layer can be generated which consists of a compact layer (ions are strongly attracted to the wall 

surface and are immobile) and a diffuse double layer (ions are affected less by the electrical field and 

are mobile) [27]. For the effect of hydrodynamic lubrication, the COF is varied with the 

electrochemical potentials. So the COFs decreased obviously after applying the potentials of -600 

mVSCE and 100 mVSCE in this case. Meanwhile, the volume loss is also strongly influenced by the 

electrochemical potentials. Because more strain is accumulated below the surface at passivly applied 

potentials [28], the volume loss is higher at an anodic potential than in a cathodic potential, especially 

for the condition of high applied load and speed [29]. Similar observations have been made by other 

investigators. For example, friction and wear of SiC were decreased under cathodic electrochemical 
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polarization [27]. Even a threshold electrode potential could be found for a transition from low to high 

wear coefficients [30]. The present study shows that the volume loss of 316L SS and the 6-layer 

coating at 100 mVSCE increased respectively about 5 and 6 times more than those at OCP. It increased 

dramatically at high potentials where passivity triggered severe wear accelerated corrosion and 

promoted mechanical wear [31]. Therefore, the volume losses are much lower at -600 mVSCE than 

those at 100 mVSCE for both materials of 316L SS and 6-layer coating. 

4.3  Mechanical wear and chemical wear 

There have been several attempts at the quantification of tribocorrosion to determine the 

contributions of mechanical wear, corrosion and their synergism to the total material loss. One of the 

approach is the synergistic approach, which is described as Wtotal = Wcorr + Wwear + ΔW, where Wtotal is 

the total material loss, Wwear is the pure mechanical wear loss, Wcorr is the material loss due to corrosion 

only and ΔW is the material loss increment due to the synergy between corrosion and wear [32, 33]. 

Pure mechanical wear Wwear means the material loss only due to mechanical contact, excluding any 

material loss related to corrosion. The pure corrosion component Wcorr can be ignored for passive 

metals at OCP and in the passivation potential region because of the low currents produced. Thus, if the 

pure mechanical wear (Wwear) in the solution could be measured, then ∆W would be determined by the 

difference between Wtotal and Wwear. A technique has been suggested and used by several investigators 

[29, 34, 35] to evaluate the pure mechanical wear in the test solution, which involved wear testing at a 

cathodic potential. Since corrosion is limited by cathodic protection (although it does not mean there is 

absolutely no corrosion), the material loss measured under cathodic potentials in the same media was 

generally adopted as pure mechanical wear loss Wwear. If so, then the volume losses of 316L SS and the 

6-layer coating measured at -600 mVSCE in Ranger’s solution could be regarded as pure mechanical 



19 

 

wear loss Wwear. As shown in Fig. 9, the volume losses of 316L SS and 6-layer coating at -600 mVSCE 

are 1.60 ×10-3 mm3 and 1.31 ×10-3 mm3, while those values at OCP are 5.68 ×10-3 mm3 and 1.47 ×10-3 

mm3, respectively. The percentage of pure mechanical wear equals Wwear / Wtotal. So the percentage of 

pure mechanical wear of 316L SS at OCP is 28.2%, while the corresponding rate for 6-layer coating is 

89.1%. It suggests that at OCP the predominant tribocorrosion mechanism of the 6-layer coating is 

mechanical wear in comparison with 316L SS.  

Although the synergistic approach provides the possibility of quantifying tribocorrosion, it gives 

little indication of the underlying mechanisms involved. There are also uncertainties in the 

determination of the pure mechanical wear component, Wwear, by arbitrarily using a cathodic potential. 

The cathodic reactions, such as proton reduction and hydrogen evolution, which are strongly affected 

by the value of the applied cathodic potential, may lead to hydrogen gas formation at the contact 

interface and hydrogen segregation at the surface, leading to the modification of the contact condition 

and material surface properties. It is highly likely that the Wwear value measured is potential dependent. 

To overcome these uncertainties, a mechanistic approach has been used in many recent publications 

[36-40]. In this approach, material loss is combined with sliding and corrosion conditions as a result of 

two mechanisms: mechanical wear (Vmech) and chemical wear (Vchem). The former is due to mechanical 

contact which produces metallic wear particles and exposes fresh metal, while the latter includes 

material losses associated with the anodic currents, i.e. metal dissolution from the freshly exposed 

metal surface and wearing or removal of the oxide film formed at sliding contact intervals. Accordingly, 

the total material loss, Vtotal, can be expressed as follows:  

Vtotal = Vmech + Vchem                                                           (1) 

The chemical wear component (Vchem) can be estimated by the excess current measured during sliding 
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according to the Faraday’s law:  

����� =
��	


��
                                                                (2)                   

where t is the sliding time, Ir is the excess current flowing through the sliding track, F is the Faraday’s 

constant, ρ is the density of the material and M is the atomic mass of the alloy. The valance of 

corrosion, n, is assumed to be 3 to account for chromium oxide formation on both 316L SS and the 

coating, both containing chromium as the major passive film formation element. At OCP, the corrosion 

currents during sliding are determined by the polarization curves shown in Fig. 5, using the Tafel 

method. At 100 mVSCE, the measured currents during sliding are used directly for the calculation. In 

both cases, the contribution of the area outside the sliding track is ignored.  

Table 1 summarizes the various components of material loss at OCP. It can be seen that at OCP, 

the 6-layer coating reduces both the chemical wear and mechanical wear, and thus total material loss, 

as compared to those of 316LSS. Mechanical wear contributes to 76% and 61% of the total material 

loss from 316L SS and the 6-layer coating, respectively, suggesting that the higher hardness of the 

6-layer coating is beneficial in reducing the contribution of mechanical wear. At 100 mVSCE, the Vchem 

component can be calculated from the measured current transient curve shown in Fig. 10(a) for 316L 

SS. The Vchem value calculated is 19.2 ×10-3 mm3, and the Vtotal measured is 27.7 ×10-3 mm3 (Fig. 9). 

Thus, at 100 mVSCE, mechanical wear of 316L SS is 8.5 ×10-3 mm3, which contributes to 31% of total 

material loss. The dominance of chemical wear (69%) at 100 mVSCE is obviously due to the increased 

anodic dissolution and oxide film growth kinetics. It is also noted that the Vchem and Vmech values of 

316L SS at 100 mVSCE are much larger than those at OCP, suggesting much enhanced wear accelerated 

corrosion and corrosion accelerated mechanical wear at the anodic potential. However, for the 6-layer 

coating at 100 mVSCE, the current increases continuously due to localized corrosion through the 
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existing micro cracks (Fig.10a), and thus it is impractical to evaluate the Vchem component from the 

measured current arising from localized corrosion.  

Table 1 Summary of measured Vtotal, calculated Vchem and derived Vmech at OCP for the 316L SS and the 

6-layer alloy coating. 

 Vtotal (mm3) Vchem (mm3) Vmech (mm3) % mechanical wear 

316L SS 5.68x10-3 1.36x10-3 4.32x10-3 76 

6-layer 1.47x10-3 5.72x10-4 8.98x10-4 61 

5. Conclusions 

(1)  A series of Fe-based alloy coatings was deposited on 316L SS by laser cladding with 

Fe-based amorphous powder. With the increasing number of cladding layers, the chemical 

composition changes, the surface hardness increases gradually to over 1200 HV, and the 

microstructure evolves from γ-Fe to α-Fe solid solution, and then to a mixture with dendritic 

crystal and amorphous phases. 

(2)  The sliding wear in Ringer’s solution at OCP shows the COF and the volume loss decrease 

firstly and then increase when the cladding layer increases. The 2-layer coating exhibits the 

lowest COF and the lowest wear loss, which are about 3 and 5.6 times lower than that of 

316L SS. 

(3)  The role of cathodic protection at -600 mVSCE for 316L SS is more significant than that for 

the 6-layer coating. The predominant tribocorrosion mechanism of 6-layer coating at OCP is 

mechanical wear in comparison with 316L SS. The lowest hardness and the passivation 

characteristic contributes to the largest volume loss of 316 SS.  

(4)  At an applied anodic potential of 100 mVSCE, chemical wear becomes more dominant for 

316LSS, and localized corrosion occurs in the 6-layer coating through the pre-existing micro 
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cracks. 
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Figure captions 

Fig. 1. XRD patterns of the laser clad coatings. 

Fig. 2. SEM images for the microstructure of coatings with different cladding layer. 

Fig. 3. EDS analysis on the top surface of laser clad coating before sliding wear. 

Fig. 4. Microhardness tests for the cross-section of the laser clad coatings. 

Fig. 5. Anode polarization curves measured for the test samples in Ringer’s solution at a scan rate of 1 

mV s-1. 

Fig. 6. Coefficient of friction recorded for 316L SS and laser clad coatings during sliding in Ringer’s 

solution. 

Fig. 7. Average values of the Coefficient of friction calculated for 316L SS and laser clad coatings 

sliding in Ringer’s solution. 

Fig. 8. Open circuit potential detected for 316L SS and amorphous composite coatings during sliding in 

Ringer’s solution. 

Fig. 9. Volume loss calculated from the wear tracks of 316L SS and laser clad coatings after sliding 

wear in Ringer’s solution. 

Fig. 10. Current transients recorded for 316L SS and 6-layer coating before, during and after sliding in 

Ringer’s solution under potentiostatic condition at an anodic potential of (a) 100 mVSCE and (b) -600 

mVSCE. 

Fig. 11. Worn surface morphologies of 316L SS and laser clad coatings after tribocorrosion test in 

Ringer’s solution, (a) 316L SS; (b) 1-layer coating; (c) 2-layer coating; (d) 6-layer coating; (e) 9-layer 

coating; (f) 12-layer coating. 

Fig. 12. Surface morphology observation for the ball after sliding against 9-layer coating in Ringer’s 

solution by (a) optical microscope and (b) SEM.  

 

 



Highlights for review: 

• Microstructure of laser cladded Fe-based coating evolved with the amount of layers. 

• With the increasing layer, COF and volume loss decrease firstly and then increase. 

• COF and Volume loss of 2-layer coating are greatly lower than those of 316L SS. 

• Fixed potentials of 100 mV and -600 mV are beneficial to reduce the COF. 
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