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Abstract : Co-based alloys can be used to protect mechanical parts when wear, temperature and aggressive environment 
demands are present individually or in association. In the CoCrMoSi alloys the hard M2Si Laves phase is the main 
constituent of their microstructure accounting for the superior properties and performance the alloy can offer. This set of 
features makes CoCrMoSi alloy very attractive for applications that require good wear performance. In spite of that there 
are very few studies on the wear performance of this alloys, particularly regarding the effect of the oxide film on the wear 
behavior. An experimental study was carried out to assess the impact of an oxide film on the sliding wear of CoCrMoSi 
– T400 hardfacing coatings. Coatings were processed by Plasma Transferred arc on AISI 304 plates and exposed to 450 
and 700 oC for 6 h. Sliding wear tests at room temperature, according to ASTM G99-05 standard, used an alumina ball 
against the CoCrMoSi alloy coatings in the as-deposited condition and after oxidation. Wear tests used an applied force 
of 5 N, tangential velocity of 0,1 ms-1 for a total sliding distance of 1000 m. Coatings were characterized by Scanning 
Electron microscopy (SEM), EDS and X-ray diffraction. Oxides at the surface of coatings after oxidation were identified 
by Raman spectroscopy. Worn surfaces were analyzed by laser confocal microscopy and scanning electron microscopy. 
Results showed the wear resistance assessed by the friction coefficient and wear rate depends on the characteristics of the 
oxides formed at the surface. Coatings oxidized at 450 oC exhibited a small reduction on the wear rate compared to that 
obtained on as-deposited coatings. However, an enhanced performance (reduction in the wear rate) was was gained after 
oxidation at 700 ºC. Surface analysis of the worn track revealed that a continuous oxide film forms during high 
temperature oxidation, accounting for the superior performance observed in wear tests. 
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1 INTRODUCTION 

Engineering components that are used at high temperatures need high wear and corrosion resistance. Tribaloy™ alloys, 
nickel or cobalt based, have been developed for applications where extreme wear is combined with high temperatures and 
corrosive environments. Its high molybdenum content is responsible for the excellent dry working properties of Tribaloy™ 
alloys and makes them very suitable for use in case of adhesive wear conditions (metal to metal). The T-400 alloy (CoCrMoSi) 
exhibits these characteristics, since the Mo and Si elements are added at levels exceeding their solubility limit to induce a large 
hard volumetric fraction, the Laves intermetallic phase that is distributed in a solid solution matrix of ductile cobalt. The 
concentration of added Cr is divided around one third in the Laves phase and two thirds in the solid solution, being responsible 
for the high corrosion resistance of the material (1).    
 Additionally, the Laves tribolayer oxides phases formed on the surface of metallic components, when subjected to high 
temperatures, can contribute to the good wear resistance, increasing the useful life of the same. This will depend on the 
characteristics of the oxide layer for a protective or non-protective action. It is influenced by the chemical composition of the 
oxides particles that will slide on the surface, by the temperature and by wear parameter, causing the wear loss can decrease or 
increase (2). The coefficient of friction and wear depend on the mechanical properties of the surfaces that are in contact, as well 
as the properties of the oxides. A less hard oxide layer can result in a decrease in the coefficients of friction and wear, while a 
harder and less adherent can act as abrasive particles (3). A thicker oxide layer can contribute to a decrease in the coefficient of 
friction and increase lubrication at the metal / metal interface (4).  
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 Plasma Transferred Arc (PTA) is an ideal process for the deposition of coatings. This process produces low dilution 
values (5, 6), low distortion, small heat affected zone and refined microstructure (6).  Many oxides can be formed on the surface 
of the T-400 alloy, most of which are cobalt and chromium oxides. In the case of coating, the oxides formed are also affected by 
the dilution with the metal of the substrate, which often is steel. 

In this work, the influence of the oxide film formed at temperatures of 450 and 700 °C on the sliding wear behavior of 
Co-Cr-Mo-Si alloy coatings deposited on an AISI 304 steel substrate by the Plasma Transferred Arc process (PTA) was assessed.  

 
 
 
 
2 EXPERIMENTAL PROCEDURE 

 
2.1 Material and treatment 
 

Coatings of the CoCrMoSi alloy, known commercially as Tribaloy T-400, processed by Plasma Transferred Arc (PTA) 
on AISI304 stainless steel plates, were supplied with their top surface machined. The chemical composition of the atomized T-
400 alloy, coatings and the substrate is shown in table 1. 

 

Table 1 – Atomized CoCrMoSi alloy composition, coating and substrate. 

ALLOY/ELEMENT Co Cr Mo Si Ni Fe 

Atomized CoCrMoSi alloy Bal. 8,5 29,0 2,6 Máx 1,5 Máx 1,5 

CoCrMoSi Coating (EDS) Bal. 10,9 ±0,2 24,0 ±0,2 2,4±0,2 1,9 ±0,06 17,0 ±0,5 

AISI 304 Substrate ----- 18,18±0,09 -------- ---- 8,0±0,08 72,72±0,1 

 

The wear resistance of T-400 was evaluated using a Ball-on-Disc tribometer at room temperature in accordance to the 
ASTM G99-05 standard. An alumina ball with a diameter of 6 mm was used with the test conditions shown in table 2. To 
determine the influence of the oxide film, wear tests were performed on as processed and oxidized coatings. Oxidation was 
carried out at 450 and 700 °C for 6 h in air in a high-temperature furnace with heating and cooling rates of 20 °C.min−1 and 10 
°C.min−1. 

The tribological behavior was characterized in terms of wear volume, friction coefficient and the morphology of the 
track and oxide particles (debris). The surface of the wear tracks was analyzed with a confocal laser microscope using 
profilometry. The volume loss was calculated according to standard G99-05, 16 (sixteen) measurements of the thickness of the 
wear track were taken along its whole circumference. These measurements were made by confocal laser microscope, and the 
morphology of the tracks and debris was assessed in a scanning electron microscope - SEM. 

 
Table 2. Ball on disc test parameters 

Parameters Condition 

Speed 0.1 m/s 

Sliding distance 1000 m 

Temperature Room 

Wear track 3 mm radius 

Applied load 5 N 

Atmosphere Air 

 

3 RESULTS AND DISCUSSION  
 

The CoCrMoSi Tribaloy T-400 alloy coating exhibited an eutetic microstructure, figure 1, due to a higher amount of Mo 
and Si in relation to the T-401 alloy, which has a hypoeutectic microstructure (6). EDS analysis, table 3, revealed that small 
variations in composition between the two regions shown in figure 1. The chemical composition of coatings is also expected to 
differ from that of the atomized alloy due to  the ~ 23%, dilution determined by the Fe ratio, in agreement with previous work 
on Co-based alloys deposited on stainless steel (7). Dilution favors the presence of Fe and Cr, shifting the alloy composition that, 
together with the oxidation temperature determine the oxides formed at the surface of coatings. As a consequence changes on 
the wear resistance of coatings are expected.  



 24th ABCM International Congress of Mechanical Engineering  
  December 3-8, 2017, Curitiba, PR, Brazil  

3 

     

Figura 1. Microstructure of the CoCrMoSi alloy as deposited. 

 

Tabela 3 – Dispersive energy spectroscopy different regions in coatings. 

ALLOY/ELEMENT Co Cr Mo Ni Fe Si 

Region 1  41,5 11,7 14,2 2,8 24,5 1,51 

Region 2 34,82 11,4 20,7 2,7 19,8 1,88 

 

X-ray difraction analysis of the CoCrMoSi alloy coating in the deposited condition confirmed the presence of Laves phase 
CoMoSi and Co3Mo2Si, and other intermetallic cmpounds, figure 2.  

    

 Figura 2. X-ray diffraction showing the phases of Laves and Co / Mo intermetallic in the coating before oxidation. 

 

 Previous work showed that for a given set of parameters, the oxides formed at the surface of CoCrMoSi coantings 
strongly depend on the oxidation temperature (7). The temperature influences the type of oxide formed as authors identified by 
raman spectroscopy, Figure 3 (7). Oxidation at 450 °C resulted in the formation of Co2O3 and Fe3O4 oxides. However, at 
temperatures of 700 ° C, oxides with low thermal stability such as Fe3O4 are not observed giving rise to oxides with higher 
thermal stability like Cr2O3. 
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Figura 3. Raman spectroscopy at 450 and 700 °C (7) 

 
 The analysis of the tribological behavior of the T-400 alloy suggest that there is no significant difference between the 
coefficient of friction of the samples under the different test conditions studied. As shown in Figure 4, coatings exposed to 
oxidation at 450°C (μ≈0.59) exibited a slightly lower coefficient of friction than those oxidased at 700°C (μ≈0.69), the latter 
having a similar performance to the as-processed CoCrMoSi alloy coatings (μ≈0.68).  However, it is evident that there is an 
unstable behavior of the coatings exposed to oxidation at 450°C before the wear test.  

 

      

  Figure 4. Friction coefficient curves for T-400 coating with and without pre-oxidation. 
 
 This behavior can be attributed to a non continuous oxide film with poor adhension expected for the oxides formed at 
450 ºC, figure 7. Consequently, particles may detach from the film and act as abrasives destabilizing the behavior of the coating 
in the wear test but may also have a lubricant character that decreases the coefficient of friction. On the other hand, after the 
initial ajustement, the behavior of coatings exposed to oxidation at 700 °C before the sliding wear tests was more stable, partially 
due to the formation of a more adherent and continuous oxide layer that decreased the detachment of particles and also to the 
poor contribution to the lubrification of the surfaces in contact (coatings and alumina ball), thus explaining the results of the 
coefficient of friction. These results are an evidence that in a tribological process there are many factors that modify the test 
conditions, the frictional force is associated with the evolution of the wear, and the detached particles can alter that interaction 
between surfaces and as a consequence the values of coefficients of friction. [8, 9, 10].     
 The performance of coatings exposed to different oxidation conditions was also evaluated comparing the volume loss 
due to wear. Volume loss was calculated in accordance to the ASTM G99-05 standard. Figure 5 shows a decreasing trend in the 
volume loss during wear and oxidation temperatures used prior to the wear test, which is confirmed by data in the literature [11]. 
Results suggest that the presence of the oxid film, even if non-continuous have a positive contribuition to wear resistance since 
the volume loss of the as-processed coatings was higher than the that of oxidized surfaces.  
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   Figure 5. Wear volume losses of T-400 under Pin on Disc wear test. 
 
 The volume loss of the coatings oxidized at 700°C was 89% lower than of the as-processed coatings. Likewise, oxidation 
at 450 °C resulted in a reduction in the volume loss of ~ 39%.  
 Worn tracks confirmed the different response to wear of coatings depending on the characteristics of the surface. Figure 
6 shows the worn track in the as-processed coatings (Figure 6a) the deterioration of the surface of the track by abrasive wear is 
evident. 
 

 

Figure 6. Confocal image of wear track of T-400 alloys coatings: a) as-processed, b) oxidation at 450°C and c)  oxidation at 
700°C.  
 
 Oxides were identified in the worn tracks regardless of the starting condition of coatings, the presence of regions of 
oxides even in sample without preoxidation that is corroborated in the analysis by SEM EDX (Figure 7). The formation of this 
oxide film is due to the increase in temperature due to the friction between the ball and the surface of the coating, which is a 
characteristic behavior of this type of cobalt base alloy susceptible to changes in temperature as has been reported in other studies 
[12, 13].  No debris were identified on the surface of the alumina ball, the counter surface in the wear test. 

 

    

Figure 7. a) SEM image of wear scar of as-processed coatings, b) elemental mapping of Oxigen of wear scar (SEM-EDX) that 
support the oxide presence outside the track and removal of oxide after the wear. 
 
 Although this film is not expected to modify the behavior of the tribological pair since  it is a thin film easily removed 
or breaken [14]. Oxidation at 450 °C and 700 °C resulted on similar wear scars (Figure 6b and 6c, respectively), inspite of the 
difference in the volume loss.  This behavior can be related to the thickness of the oxide layer formed, which depends on the 
heating history of the samples [15,16]. The oxide film that forms at 700 ° C is thicker than that expected after oxidation at 450 ° 

scratch  
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C [7], which can also be related to the difference in the wear test results. Yao et al. [17] suggests that at higher temperatures the 
wear is influenced by the speed of recovery of the oxide films and the applied load, if the a small applied load is used the wear 
rate will be reduced because  the worn track is shallower allowing the oxide film to regenerate easily. However, at room 
temperature the behavior of this tribological pair is different, the temperature generated by the friction is not enough to form a 
continuous oxide layer during the wear. Coatings exposed to oxidation before the sliding wear test, revealed hat the wear 
resistance is influenced by the thickness of the oxide layer and its adhesion to the surface. The oxide layer can be brittle and 
break at any time due to mechanical action. The detached oxide particles may act as abrasive particles which accelerate surface 
wear or may form a tribolayer, decreasing direct contact between  the tribological pair and increasing the wear resistance of the 
surface [18, 19]. Costa et al. [9] reported that the size of the oxide debris has a significant influence on the role of the oxides 
particles in the resistance to wear. Small particles act as abrasives, whereas large particles participate actively in the formation 
of a protective tribolayer. 
To understand the acting wear mechanisms in the tested surfaces, wear tracks were analyzed by scanning electron microscopy. 
Figure 8a and 8b show in detail the worn surface of coatings exposed to oxidation at 450 °C and 700 °C, respectively. The wear 
mechanism in both samples is adhesive wear whereas in the as-processed coating (Figure 6a) a combination of abrasive and 
adhesion wear mechanism is observed, attributed to the action of abrasive particles detached from the oxides formed due to the 
flash temperature (increase in temperature due to friction between the surface and the ball). 

 

  
 
Figure 8. SEM image of wear track: a) coatings oxidized at 450 °C before the wear test and b) coatings oxidized at 700 °C before 
the wear test. 
 
4. CONCLUSIONS 
 

Under the conditions tested in this study regarding the effect of oxides in the wear performance of CoCrMoSi coatings 
in the as-processed condition and after oxidation at different temperatures it is possible to conclude that:  

The oxidation temperature determined the characteristics of the oxides formed at the surface of coatings. Sliding wear 
at room temperature showed that coatings exhibited a reduction in wear resistance compared to coatings that were oxidized 
before the wear test. 

Oxidation at 450 oC decreased the volume loss compared to that of as-processed coatings. Oxide debris act as sources 
of abrasive agents, causing a rapid degradation when submitted to the ball-on-Disc test. 
 The T-400 alloy deposited by PTA oxidized at 700 oC before testing showed a continuous layer of chromium oxide that 
offers a better protection against  sliding  wear, shown by the reduced volume loss. 
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