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Abstract 

NiCr-Cr2O3-Ag-BaF2/CaF2 (PS304) and NiMoAl-Cr2O3-Ag-BaF2/CaF2 (PS400) coatings provide 

low wear and friction throughout temperatures ranging from 25 to 700°C. However, one drawback 

of using NiCr as matrix component is the expansion observed in high temperatures, which can be 

detrimental for coating integrity in gas turbine applications. This expansion is caused by the 

formation of small precipitates, but the mechanisms of their formation are not fully understood 

since they are not observed in oxidational tests of pure NiCr. In the present study, PS304 and 

PS400 were sprayed by Atmospheric Plasma Spray and then heat-treated at 600°C for 1, 24, 48 

and 100 hours to capture the initial moments of precipitate formation. The results have shown that 

the phase transformation occurring upon heat treatment is more complex than what is proposed in 



literature. Experimental evidence has shown that the precipitates are formed by fluorine that 

diffuses from the fluorides to the NiCr driven by the oxidation of the fluorides, which form BaCrO4 

and CaCrO4. Wear and friction, however, show minor sensitivity to this reaction, at least under 

room temperature test conditions. Furthermore, PS400 coatings showed lower wear when 

compared to PS304, with negligible expansion and no significant change in microstructure upon 

heat treating, indicating superior thermal stability and wear resistance under the tested conditions.  
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1 . Introduction 

The strategy of combining multiple materials in a single coating was adopted by Sliney et al.1 in 

the late 70’s, resulting in the PS100 (NiCr-CaF2-SiO2-BaO-CaO-K2O) and in a family of self-

lubricating coatings for high temperature applications. These are usually produced by plasma 

spray, which allows the melting of all the different components due to the high energy input during 

the spray process2. In their composition, solid lubricants such as barium and calcium fluorides and 

silver are commonly found, especially in later developments. Meanwhile, a ceramic reinforcement 

(Cr3C2 or Cr2O3) is also used, to reinforce the metallic matrix, usually a nickel-based alloy.  

Two of the latest developments of this family, namely PS304 (NiCr-Cr2O3-Ag-BaF2/CaF2)3 and 

PS400 (NiMoAl-Cr2O3-Ag-BaF2/CaF2)4 have been used in several industrial high temperature 

applications, such as thrust washer5, 6, lift valves7 and foil bearings8, 9. PS304 coatings have been 

applied on steam turbine components7 and showed reduction in galling damage, even after 8500 

hours operating at 540C. Upon Energy Dispersive Spectroscopy (EDS) analysis, a glaze layer 



comprised of the solid lubricants was observed on top of the coating, and a transfer film on the 

counterface was observed which was mainly composed of silver and chromium oxide7.  

In another study8, a PS304 coated journal was tested against a X-750 foil bearing, in temperatures 

ranging from 25C to 650C, and friction coefficients of 0.4 were found up to 530C, which 

reduced to 0.33 at 650C. Lower wear on the coated part and on the counterface was found with 

increasing temperature, from 0.0046cm on the foil and 0.0025cm on the journal at room 

temperature to 0.0005cm for temperatures above 204C8. The mechanism of wear also changed 

with temperature; while at room temperature no transfer film was formed, at 204C an iron oxide 

layer was found covering the wear region, and for temperatures higher than 427C, a transfer film 

composed of solid lubricants was observed, which indicates their active role to reduce friction8. 

Although widely used, PS304 coatings expand when exposed to high temperatures due to the 

formation of precipitates/voids in the NiCr matrix10 and various attempts were made in order to 

explain this phenomenon. A study by Dellacorte et al.10 hypothesized the formation of a 

chromium-rich second phase, or a chromium silicide. Ari Gur et al.11 used X-ray diffraction to 

correlate the precipitates with the formation of chromium silicide (CrSi2) after heat treat-treatment. 

The silicon, in this case, could have come from the processing of NiCr powder and could have 

reacted forming the precipitates11.  

Another explanation is given in the study by Dellacorte12 which shows that the precipitate 

formation is related to the presence of fluorides near the NiCr matrix12. Stanford et al.13 tested 

different compositions, with different combinations of fluorides, silver and chromium oxide and 

showed that only when the fluoride component was present, the precipitates were formed13. 



However, Stanford et al. conclude that void formation due to Kirkendall effect is the main cause 

of the expansion13.  

Stanford14 proposes yet another explanation by spraying and heat treating PS304 and other two 

variations, one rich in chromium (Ni-30%Cr) and other poor (Ni-10%Cr). Upon more than one 

thousand hours of heat treatment, X-ray diffraction detected the combination of barium and 

calcium chromates, nickel oxide and the original components in some of the variations, and the 

author concludes that the precipitates are likely formed by oxides of nickel (NiO), chromium 

(Cr2O3) or a mixture of both (NiCr2O4)14. 

The PS400 composition, however, was designed to fix the issue on the PS304 coating. Thus, the 

matrix was changed from the NiCr to NiMoAl, and the amount of solid lubricants was reduced by 

half to reduce as-sprayed roughness4.  

It was shown that coatings produced with PS400 outperformed PS304 coatings, especially in 

temperatures above room temperature4. When tested in a pin on disk configuration against X750 

pins and with temperatures above 500C, PS400 showed reduced friction (0.16 at 500C and 0.21 

at 650C) when compared to PS304 (0.25 at 500C and 0.23 at 650C), with more than 10-fold 

reduction in wear of the pin at 500C, and more than 10-fold reduction of wear on the disk at 

650C4.  

Since there is no consensus on how these voids/precipitates are formed on PS304, the objective of 

this current study is to perform heat treatments at 600C in both PS304 and PS400, focusing on 

low exposure times (between 1hour and 100hours) to capture the earlier stages of their formation 

and to propose an explanation for this phenomenon. Furthermore, since it is not clear if and how 

these voids/precipitates affect the wear behavior of the coatings, a few conditions were selected to 



perform wear tests and to determine if these microstructural changes are detrimental or beneficial 

for the wear performance and to analyze the effects of heat treatment on the PS400.   

2. Methodology 

Coatings were sprayed on 25x25x5mm steel substrates by Atmospheric Plasma Spray (APS) with 

two different powder feedstocks: PS304 and PS400 (Table 1, provided by the manufacturer) 

acquired from Advanced Material (USA), and the spray conditions are described in Table 2. After 

spraying, one sample of each coating was cross-sectioned and prepared by using standard 

metallographic procedures. These were followed by a final step using colloidal silica (0.05μm) in 

a vibratory polisher Vibromet (Buehler, Germany) for Scanning Electron Microscopy (SEM) 

observation. After polishing, the samples were cleaned with water and soap, followed by acetone 

to remove any residues of colloidal silica, and then dried with hot air. Measurements of thickness 

were also made by SEM, in which at least three different images across the cross-section were 

made and 10 measurements in each picture were performed and averaged. A SU3500 (Hitachi, 

Japan) equipped with an Energy Dispersive Spectroscopy (EDS) detector (Oxford, UK) was used 

for all SEM images. For wear track images, because of charging effects, an Ultra Variable-Pressure 

Detector (UVD) was used in the same SU3500 microscope.  

 
 

 

 

 

 

 

 

 



Table 1 – Composition (wt%) of PS304 and PS400 

Composition (wt%) PS304 PS400 

80Ni20Cr 60 0 

Ni5.5Al5Mo 

(METCO 447) 
0 70 

Cr2O3 20 20 

Ag 10 5 

BaF2/CaF2 eutectic 

(62-38%) 
10 5 

 

Table 2 – Deposition parameters used to spray the coatings by APS. 

Parameters Values 

Current (A) 650 

Voltage (V) 40.1 

Power (kW) 26.1 

Primary Gas Type Ar 

Primary gas flow rate (slpm) 35 

Secondary gas type He 

Secondary gas flow rate 
(slpm) 

35 

Feed rate (g/min) 18.6 

 

Smaller samples were cut from the original coupons and exposed to heat-treatments for 1, 24, 48 

and 100 hours at 600°C and mounted for cross-sectional observation following same procedures 

as as-sprayed samples. The choice of temperature was based on previous literature14 which has 

shown that the feature of interest could be formed in temperatures higher than 500C and up to 

800C. However, since the idea was to capture early stages of formation of these features, a 

temperature inside this range was chosen.  



Two exposure times at 600°C (50 and 100 hours) were selected to heat-treat the samples of both 

materials for wear testing. Furthermore, one as-sprayed sample of each material was tested for 

comparison. The surface of the samples for wear tests were ground from 600 up to 4000 grit and 

were also polished following the same steps as the cross-sections, including the final step in 

vibratory polisher. Cleaning steps were the same to the ones described for cross-sectional 

observation. Vickers microhardness tests (Clark Microhardness Tester, USA) were performed at 

the cross-section in 10 different locations at the cross-section for each coating using a load of 25gf.  

Reciprocating wear measurements were performed in a TRB (Anton Paar, Austria) using a load of 

5N, a frequency of 1Hz, a track length of 10mm for a total of 100m (5000 cycles) and running 

against 6.35mm-diameter alumina ball (McMaster-Carr, USA) at room temperature. Under these 

conditions, the average Hertzian contact stress was calculated at 861MPa for PS304 and 845MPa 

for PS400. For this calculation, only the elastic moduli of matrix components of each coating were 

considered, but it is expected that the real contact stress will be smaller than that due to coating 

defects and the presence of more compliant components in the composite coating. Nevertheless, 

due to the heterogeneity of the coating, the local contact stress can change significantly depending 

on the testing location. 

A total of three wear tests were performed for each sample. The friction coefficient was 

automatically recorded by the tribometer, but the wear tracks and the wear on the alumina 

counterfaces were measured using NewView light profilometer (Zygo Corporation, USA). All 

wear tracks were scanned and a total of 30 cross-sectional profiles were made and averaged to 

calculate the total worn volume, which then was normalized by the total distance and the applied 

load. The same profilometer was used to measure the roughness of the samples in an area of 

335x335μm at random locations in each sample. 



Raman analysis was performed by using an InVia spectrometer (Renishaw, UK) with an Ar+ ion 

(λ=514.5nm) laser source in worn and unworn regions of the coatings subjected to wear tests and 

the spectra were indexed by comparing with literature data.  

3. Results 

3.1 Powder and as-sprayed coating characterization 

The PS304 and PS400 powders are provided as a mechanically mixed powder, meaning that there 

is no initial bonding between the different components, as can be observed in Figure 1. In Figure 

1(A), all the components of PS304 are highlighted, meanwhile on Figure 1(B), only the 

components of PS400 that are not present on PS304 are highlighted. The only observable change 

is the substitution of NiCr (light gray) for the NiAlMo (dark contrast), which consists of a Ni core 

surrounded by a layer of mechanically clad Mo and Al. The chemical composition of the individual 

powders was confirmed by EDS analysis. For both PS304 and PS400 there is a wide particle size 

distribution, with some particles ranging from 100μm to some in the range of 1-10μm. PS304 has 

a D50 of 29.4μm and the PS400 is 28.1μm and the former also show a wider distribution when 

compared to PS400, which could be caused by the bigger NiCr particles when compared to the 

NiAlMo on PS400 but could also be caused by the comminution of the brittle eutectic fluoride 

during mixing, generating the small particles which can be observed in Figure 1(A). 



 
Figure 1 – Backscattered Electron (BSE) image of feedstock powder: (A) PS304 and (B) PS400 

 

Upon spraying, a 320±19μm coating was produced with PS304 powder and a 286±11μm coating 

with the PS400, as shown in Figure 2, in which ± represents the standard deviation. The as-spray 

roughness was similar for both coatings, with both showing Ra close to 13μm. However, upon 

polishing the samples before wear testing, it was reduced to below 1μm. 

 
Figure 2 – BSE image of as-sprayed coatings: (A) PS304 and (B) PS400 

 

3.2 Heat treatment effects on microstructure, morphology, and mechanical properties 

The cross-sections of the PS304 coatings treated at 600°C for 1 and 100 hours are presented in 

Figure 3(A) and (B). In the regions marked in blue, the formation of the features of interest is 



highlighted, which are present close to NiCr splat boundaries close to BaF2/CaF2 particles. This 

corroborates the results found by DellaCorte12 and Stanford et al.13 which observed that the 

features only appeared in samples which had the eutectic fluorides in their composition. 

Figure 3 – BSE images of heat-treated samples at 600C: (A) after 1 hour, (B) after 100 hours and 
detailed images of precipitates. Red highlights oxidation of steel at coating-substrate interface. Blue 

marked regions are shown at higher magnification 
 

Also, in Figure 3(B), the 100 hours heat treatment resulted in the formation of an oxide layer at 

the coating-substrate interface. EDS analysis of the region marked in red showed oxygen and iron. 

Samples treated at 600C showed particular microstructural modifications showed in Figure 4. In 

these regions, EDS revealed strong signals of fluorine and chromium indicating that in fact these 

are precipitates, which are mainly composed of F and Cr, likely CrF2 or CrF3. Their formation can 

be related to some studies15-17 which used first-principles simulation to understand the adsorption 

and diffusion of fluorine at the surface of Ni and NiCr. To simulate the presence of chromium, one 

atom of Cr was added by substituting one Ni atom and in their findings, it was shown that the Cr-

F bonding is stronger than Ni-F15.  

Although no other report was found of fluorine diffusion in solid state, there are reports of similar 

phenomenon when Ni-based alloys containing chromium are exposed to molten fluoride salts. In 

a study comparing Ni-based alloys with chromium in their composition, it was shown that 



chromium is depleted during exposure at high temperatures18. Furthermore, the more chromium 

an alloy has, the more it is corroded by fluorine presence and more chromium is present in the salt 

after the test, indicating that the byproduct of the reaction is removed by the liquid salts18.  

 
Figure 4 - EDS mapping of PS304 at 600C, after 24 hours 

 

In the PS304 coatings, however, due to the constraints imposed by splat boundaries and the 

presence of other materials such as silver and chromium oxides, the fluorine diffuses inside the 

NiCr splats forming the chromium fluorides, which has lower density and then they start growing, 

causing the expansion of the coatings.  

In Figure 5, on regions marked as A and B, the EDS analysis confirms that the main composition 

of the precipitates is chromium and fluorine, indicating the same composition as observed on the 

precipitates of Figure 4. In region C, a strong signal of barium is found, combined with oxygen. 

This could indicate the formation of BaO, but the presence of chromium in the same region also 



suggests that some BaCrO4 was formed. The oxidation of pure barium fluoride and calcium 

fluoride occurs by releasing F-1 ions, which are replaced by the oxygen, in temperatures as low as 

600C for BaF2 
19 and 800C for CaF2 

20.  

 
Figure 5 – Linescan using 15keV and spacing of 0.1μm between points showing the presence of fluorine 

on the precipitates and the depletion of fluorine on the original eutectic 

 

The heat treatment on PS400 coating formed no precipitates regardless of the exposure time, as 

can be observed in Figure 6. Differently from PS304, the PS400 coatings does not have metallic 

chromium in the composition of the matrix, which is composed of pure nickel encapsulated by a 

layer of molybdenum and aluminum. The presence of chromium is limited to the chromium oxide 

component, which is sprayed in the mixture, and no evidence of migration of fluorine was observed 



towards the chromium oxides, neither for PS304 nor for PS400, thus not forming the chromium 

fluoride components on the PS400 coating. Furthermore, chromium oxide is more stable than the 

metallic chromium in the matrix of PS304, which makes it more susceptible to the fluorine attack.   

 

  
Figure 6 - Cross-section backscattered image of PS400: (A) as-sprayed and (B) after 100 hours at 600C 

with minimal microstructural change 

 

Vickers hardness testing was used to probe the cross-sections and to identify if the heat treatment 

had any effect on hardness for both PS304 and PS400, as shown in Figure 7. Both coatings showed 

an increase in hardness after heat treated at 600C, however both reached a plateau after 24 hours 

of treatment. When combining the hardness measurements with the indent observation by optical 

microscopy (Figure 8), the results indicate that the effects of diffusion improved the bonding of 

the splats due to the heat treatment, increasing the cohesive strength. PS400 continued to have 

lower hardness than PS304 throughout the whole heat treatment, most likely due to the matrix 

consisting of pure Ni in the former and NiCr on the latter. Both PS304 and PS400 showed increase 

in hardness and a plateau after the same time, which favors the explanation of an increase in 



hardness due to better bonding, and increase in cohesion due to inter-splat diffusion, especially 

between metallic components, and not due to the precipitates being formed in the NiCr matrix.   

 
Figure 7 – Vickers micro-hardness of PS304 and PS400 coatings with standard deviation plotted versus 

exposure time at 600C, the unfilled symbols represent as-sprayed hardness 

 

  
 

Figure 8 - Optical image of indents on as-sprayed and heat treated (100 hrs at 600C) PS304 samples. The 
red marks indicate debonding between splats due to hardness testing 

 



As a result of the formation of the PS304 precipitates, the increase in thickness as a function of 

exposure time is presented in Figure 9, in which PS304 showed a continuous expansion from 1 to 

100hrs. On the other hand, the PS400 coatings show barely any expansion even after 100 hours at 

600C. To analyze just the effects produced by the precipitate formation on PS304, the wear tests 

were performed after removing the oxide layer on top of PS304 and PS400 by grinding and 

polishing the surface.  

 
Figure 9 - Increase in thickness for PS304 and PS400 with standard deviation as a function exposure time 

at 600°C, the unfilled symbols represent as-sprayed thickness 

 

3.3 Wear results 

3.3.1 - Friction 

Friction coefficient curves of as sprayed and heat-treated samples are shown in Figure 10. In the 

PS304 coatings (Figure 10(A)), a peak in friction coefficient is observed after approximately 800 

cycles for heat-treated samples and this peak is only observed after 1200 cycles in the as-sprayed 

sample. Following this peak, the friction coefficient decreases and get stable between 0.6-0.65 for 



samples that were heat treated. For as-sprayed samples, the trend of increasing friction coefficient 

is observed up to the end of the test. On the other hand, for PS400 coatings (Figure 10(B)), the 

heat treatment had no effect on friction coefficient, and the results show a stable growth during 

running in period, followed by stabilization of friction after 2500 cycles.  

 
Figure 10 - Friction curves for PS304 and PS400 tested at room temperature as a function of number of 

cycles and heat treatment duration at 600C 

 

To further understand the mechanisms of friction and wear in the PS304 samples, i.e. why there 

was a peak of friction, two tests were performed on the sample heat treated for 50 hours and then 

interrupted after 500 and 1000 cycles. The interrupted test showed the same behavior of the full 

curve, consisting of a peak at around 800 (not shown).  

 

3.3.2 - Wear 

In Figure 11(A), the wear rates on all samples are represented, and in detail, Figure 11(B) shows 

the results for the PS400. For all PS304 samples no visible trend in wear can be determined, 

meaning that the wear behavior of the samples is not influenced by the heat treatment nor by the 



presence of the precipitates. Furthermore, Student’s t-test has shown that the wear rates for PS304 

are statistically the same. The non-homogeneity of such multicomponent coating increases the 

dispersion of the wear measurements, which means that depending on the tested region, the lack 

or abundance of soft metal and brittle phases may change the wear behavior. This leads to the 

increase of the error bar for all samples (PS304 and PS400).  

 
Figure 11 - Wear rate with standard deviation: (A) as a function of heat treatment duration at 600C, (B) 

detailed graph for PS400, (C) at the counterfaces 

 

For the PS400 samples, a change in the wear behavior can be observed, moving from a positive 

wear (here considered as the sample being worn out) to a negative wear (material is being 

transferred from the counterface to the sample). One possible explanation for such change in trend 

is the improved bonding between the particles achieved by the heat treatment. Nevertheless, for 

as-sprayed and heat-treated samples, PS400 showed reduced wear when compared with PS304 

(more than one order of magnitude smaller).  



The wear rate measurements in the counterface are presented in Figure 11(C), in which a reduced 

amount of wear in the order of 10-7 is observable for all samples. However, the lower wear 

observed for the PS400 samples comes at the expense of higher wear on the counterfaces, which 

was between two and three times higher when compared to the PS304.  

The wear rates and removed volume of the interrupted test for the PS304 are shown in Figure 12, 

as a function of the total number of cycles. The removed volume increases with the number of 

cycles, which is expected. However, it increases in a non-linear way. The wear rate is smaller after 

5000 cycles than after 500 and 1000 even though the data was cumulative (the wear rate showed 

in Figure 12 considers the full 5000 cycles) which means that most of the wear occurred during 

the earlier stages of testing. When considering only the volume lost during the last 4000 cycles, 

the wear rate is even smaller than showed in the figure, around 2.1x10-5 mm3/m.N. 

 
Figure 12 - Interrupted wear test and measurements of wear rate and removed volume with standard 

deviation of PS304 heat-treated for 50 hours at 600C 

 



3.3.3 – Raman analysis 

The Raman spectra were collected in multiple regions of the wear track but those showing no 

signal (indicating metallic regions) were omitted. Furthermore, when multiple regions showed 

spectra with the same peaks, only one was represented in the plot. For the PS304 tested as-sprayed, 

showed in Figure 13(A) peaks related to NiO 21 and Cr2O3 21, 22 were found at the wear track, but 

also a convoluted peak at 777cm-1 and 808cm-1 indicate the formation of AgCr2O4 23 in the wear 

region. The peak at 856cm-1 could be attributed to chromium oxides of the type CrO2, CrO3 or 

Cr8O21 22. When investigating the wear track of PS304 after 100 hours heat treatment (Figure 

13(B)), different peaks are observed, which could be traced to the formation of BaCrO4
24, 

CaCrO4
25, and NiCr2O4

26-28 and peaks related to bending and stretching of Cr-F bonding29.  

For the PS400, analysis on sample unworn and worn (with and without heat treatment) shows 

either regions with no Raman activity, likely a metallic mixture (for worn samples) or the as-spray 

metallic splats (unworn sample). However, it also showed the peaks in Figure 13(C) in different 

regions of all wear tracks and in some regions of the as-deposited sample. Those are correlated to 

the formation of silver molybdates 30, 31, but other types of molybdates, such as barium and calcium 

could also be present since the peaks for these molybdates are commonly found close to each 

other32. NiO and Cr2O3 were also identified in the wear track and on as-sprayed coatings, probably 

coming from the oxidation during spray in splat boundaries for the former, while the latter is one 

of the components of the coating.  



 
Figure 13 - Raman peaks for (A) as-sprayed PS304 tested at room temperature; (B) PS304 tested at room 
temperature after 100hours at 600C, (C) PS400 unworn and worn regions (heat treated for 100hours and 

not heat treated) 

 

3.3.4 – Counterface characterization 

When analyzing the counterfaces in Figure 14, a common feature was the presence of grooves, 

indicating that, at least in later stages, abrasive wear on the counterface is occurring, especially for 

PS400 coatings. These grooves, which are not part of the initial morphology of the counterface, 

were filled with metallic material, indicating the metallic transfer from the coating to the surface 

of the alumina balls. EDS analysis on these particles attached to the surface shows metallic NiCr 

at the counterfaces tested on PS304 and metallic Ni for the PS400 regardless of heat treatment. 



Furthermore, the presence of silver was found in the entire surface, in the form of small islands, 

shown in detail in Figure 14, indicating that adhesive wear also played a role during the wear of 

those coatings. 

 

 

Figure 14 - SEM image of the counterfaces running against: (A) as sprayed, (B) 50 hours heat treated and 
(C) 100 hours heat treated - PS304 coatings and (D) as sprayed, (E) 50 hours heat treated and (F) 100 

hours heat treated - PS400 coatings 

 

The counterfaces running against PS304 showed negligible wear with shallow wear scars. 

However, these were spread in a bigger area than PS400 counterfaces. Since the PS304 coating 

had wider wear track, it makes sense to find a wider wear scar in the counterpart. This indicates 

that, during the test, due to the ejection of wear debris, the area in contact with the counterface 

increased, and a reduction on the contact pressure happened. On the other hand, for the PS400, the 

wear depth on the counterface was significantly higher, but the area of contact was smaller when 

compared to the ones that ran against PS304.  

 

 



3.3.5 – Wear Mechanisms 

Both PS304 and PS400 showed a tribolayer covering most of the track surface and EDS analyses 

indicate the presence of nickel and oxygen throughout the whole track, with oxygen reaching 

25wt% in some regions inside the tracks, and with the presence of some spots with metallic 

material exposed, meaning that an oxide layer was formed at the wear track during testing. Cracks 

can be observed throughout the track surface indicating both the brittle behavior of the oxide layer 

combined with the effects of fatigue after 5000 cycles. 

PS304 

The testing on PS304 was characterized by an unstable friction period, followed by a peak in 

friction and then a decrease in friction values as observed in Figure 10(A). Furthermore, 

stabilization of the friction was observed for the heat-treated samples, which was not observed for 

the sample tested in the as-sprayed condition. For the latter, after the reduction in friction, the 

frictional values kept increasing in a constant manner. By comparing the Raman analysis on the 

wear track from Figure 13(A) and (B), the presence of non-stoichiometric chromium oxides was 

observed in the as-sprayed coating. These are likely being formed during the sliding and are 

constantly being mixed in the wear track. On the other hand, the as-sprayed sample did not form 

the plethora of ternary oxides observed for heat-treated samples, which are known to reduce 

friction.  

For heat-treated PS304 samples, specifically the one heat treated at 600C for 50 hours, it possible 

to understand the mechanisms of wear and friction by interrupting the test after 500 cycles and 

1000 cycles in the sample heat treated at 600C for 50 hours. In the earlier stages (below 800 

cycles), adhesive wear seems to be the main mechanism, in which metallic components of the 



PS304 get attached to the surface of alumina. These are mechanically mixed and then ejected in 

the form of oxide debris. Chemical analysis by EDS has shown the presence of not only Ni and Cr 

on those debris, but also silver, barium, and calcium, all mixed and oxidized. Some trace amounts 

of fluorine were also observed. 

This early stage with unstable friction is also marked by smearing of silver component in the wear 

track (Figure 15(A)), indicating the mixing of the different components not only on the debris, but 

also on the wear track. Furthermore, it is likely that during this part the silver based ternary oxides 

are produced due to the intense mixing in the contact region combined with frictional heating up 

to the friction peak. 

The peak of friction followed by the decrease in friction values can be correlated to the formation 

of the oxide layer covering the wear track. Up to this point, the contact was mainly the alumina 

against the fresh metal. However, after the friction peak, the wear track is mostly oxidized (Figure 

15(B)), moving the contact from metal-ceramic to ceramic-ceramic, thus minimizing the adhesive 

component of the friction force, reducing the overall friction coefficient.  

 
Figure 15 - Wear track evolution of PS304 (heat treated for 50 hours at 600C) after: (A) 500 cycles; (B) 

1000 cycles and (C) 5000 cycles 

 

In Figure 15(B) an oxide layer is already covering most of the surface of the wear track, with few 

points of exposed metals. This surface is covered by loose debris and the wear mechanism moves 



from adhesive to abrasive. After this point up to the end of the test (Figure 15(C)), the oxide layer 

formed at the surface, brittle in nature (confirmed by the cracking throughout the whole tribofilm), 

starts to gets polished by the small debris particles, but further wear keeps happening by the 

detachment of the tribolayer, exposure of fresh metal and further oxidation, although at a slower 

rate, as can be seen in Figure 16. 

 
Figure 16 – UVD (A) and BSE (B) images of the wear track showing detachment of the oxide layer and 

the exposure of fresh metal 

 

The presence of barium and calcium chromates on the wear track, combined with the presence 

barium chromate in the cross-sectioned samples confirmed by EDS, leads to the interpretation that 

these were formed during heat treatment and not during the wear. However, their presence on the 

wear track could have helped to establish the oxide layer sooner than what was observed for the 

as-sprayed sample.  

The analysis by Raman on the wear track of the samples tested as sprayed shows the presence of 

NiO, Cr2O3 and Ag2CrO4. These results indicate that the early mixing (before peak) of the Ag and 

Cr and further oxidation might be playing an important role to reduce the friction coefficient of 

the coating in later stages.  



Based on the wear results for all samples, it seems that, even though the oxide layer being formed 

at the surface is not stable, it modifies the contact region and the mechanism of wear. The contact 

changes from predominantly metal-ceramic in the early stages to predominantly ceramic-ceramic 

in later stages which reduces the amount of debris being formed and reduces the wear rates.  

 

PS400 

For the PS400, a different mechanism seems to be in place. The friction curves show a smooth 

run-in period, followed by stable friction coefficient throughout the whole test. The oxidation of 

the surface is more readily achieved, which avoids the formation of the bigger debris particles 

observed in the earlier stages of testing on the PS304. Instead, small debris are observed at the 

edges and borders of the wear tracks (Figure 17 (A)), which could have come from the wear on 

the counterface or by the comminution of the tribolayer. The lack of the bigger debris seems to 

promote a smooth transition of the friction behavior for the PS400, especially during the run-in 

period.  

As the surface gets oxidized, the contact moves directly to ceramic-ceramic contact, giving lower 

friction than PS304. Furthermore, since there is no stage of intense debris formation, the wear track 

is shallower and narrower than the PS304. Nevertheless, the delamination of the oxide layer is also 

observed for the PS400, and although the delamination of the oxide layer on PS304 was as blocks 

of oxides, for the PS400 the delamination occurs in patches along the direction of the wear track 

(Figure 17 (A) and (B)).  



 
Figure 17 - Wear track of PS400 tested at room temperature after 100 hours heat treatment. (A) UVD 

image showing the track and the debris at the side, (B) BSE image showing oxide layer 

 

The Raman analysis also corroborate the fact that, as wear develops on both heat-treated and not 

heat-treated sample, the components being formed are the same, namely silver molybdates, 

indicating the stability of the PS400 coating during wear and during heat treatment. Thus, the 

formation and presence of the molybdates on the PS400 surface seems to be key to the improved 

wear resistance and lower wear behavior when compared to the PS304. 

4 – Conclusion 

Multicomponent coatings were produced by APS and, upon heat treatments at 600C, the 

formation of precipitates on the NiCr matrix of PS304 was observed, as described in literature. In 

the present study, EDS was used by mapping and linescan to show the composition of these 

precipitates: chromium fluorides formed due to the migration of fluorine from the eutectic 

BaF2/CaF2 which got oxidized forming binary and ternary oxides. These results hint that the 

microstructural changes occurring inside the coating are much more complex than what was 

originally described in literature. 



For the PS400 heat treated at 600C no precipitates were formed. Furthermore, no trace of fluorine 

was found in the NiAlMo matrix, indicating that the lack of direct contact between the eutectics 

and the matrix achieved by the layer of Al and Mo could prevent the diffusion of fluorine and 

prevent or at least slow the oxidation process of the eutectic mixture.  

The analysis of the wear results show that it might not be possible to separate the effects of the 

chromium fluoride precipitates, and the effects of the oxidation of the eutectic component. The 

heat treatment had no clear effect on the wear behavior of PS304, and just minimal effect on the 

friction curves, which became more stable and the tribofilm on the surface of the coating was 

formed after a reduced number of cycles for the heat-treated samples. It is not clear, however, 

whether this was an effect of the precipitates or the oxidation of the fluorides or yet, it is not 

unusual for thermally sprayed coatings to have improved bonding between particles after being 

heat treated in this temperature range. 

On the PS400, no apparent change on friction and wear was observed, which was marked by higher 

wear on the counterface and low wear on the coating when compared to the PS304.  

The mechanism of wear of the PS304 was marked by high wear on the run-in period, with 

formation of wear debris up to the peak of friction. After that, a somewhat protective oxide layer, 

mixed with silver, was able to reduce the wear rate and to drop the fiction coefficient to levels 

similar to the ones found for the PS400 and in both cases, the reduced friction coefficient is 

attributed to the presence of ternary oxides in the wear track.  
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