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Abstract
Oxide-based coatings are being extensively investigated as potential solutions for high-temperature solid lubrication owing to 
their high thermal and chemical stability. Therefore, this study aimed to investigate the tribological behavior of the thermally 
sprayed CoO and NiO coatings. The dry sliding wear tests were conducted against the alumina counterface at room and high 
temperatures using a ball-on-flat tribometer. The results revealed that the friction and wear of CoO coatings decreased with 
increasing temperatures, while the NiO coatings showed opposite behaviors. Ex situ (SEM/FIB, XPS) analysis revealed that 
the formation of thin amorphous nanocrystalline tribofilm decreased friction and wear at high temperatures. On the other 
hand, NiO’s high friction and wear at high temperatures were caused by the worn-out coatings, while at room temperatures, 
it showed the existence of brittle, cracked, and detached tribofilm on the wear track.
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1 Introduction

The performance of mechanical systems or machineries 
operating in demanding environments (e.g., power gen-
eration, transportation, materials processing, and aircraft 
engines) is often limited by the tribological behavior of 
employed materials and coatings [1–5]. Co and Ni-based 

superalloys are widely used in high-temperature tribologi-
cal applications due to their excellent strength, creep, and 
fatigue resistance at high temperatures [6–10]. Additionally, 
these alloys generate wear debris during sliding, which oxi-
dize, and sinter/consolidate within the contacting interfaces 
forming the so-called “glaze” layer and consequently reduc-
ing the wear [3, 11, 12]. However, this glaze/oxide forma-
tion is affected by various factors, including temperatures, 
sliding speed, applied load, the chemical nature of surfaces. 
[13–15]. Dellacorte et al. [16] showed that a substantial 
reduction in friction appeared due to the formation of lubri-
cious oxide layers when Co-based superalloy (i.e., Haynes 
188) was sliding against Pt-coated MoRe at ~ 500 °C. A 
similar observation was observed by Coskun et al. [17], who 
found that Co-based superalloys (i.e., Haynes 25, Haynes 
188, Haynes 214) form Co oxides protective layer along with 
Ni, Cr, and W oxides against Hastelloy X at 540 °C in slid-
ing process. The process of glaze layer formation, spallation, 
and reformation by the load-bearing oxides during the slid-
ing of Stellite 6 at 600 °C was analyzed by Wood et al. [12]. 
The authors identified six stages of wear: (i) mixed oxide 
glaze formation, (ii) Co and Cr diffusion to the glaze layer 
and hence forming Co and Cr-dominated oxide layers, (iii) 
oxygen diffusion to the glaze, (iv) spallation of the glaze, 
(v) reformation of the glaze, and (vi) elemental diffusion 
within the glaze. Similarly, Inman et al. [7, 8] demonstrated 
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the effect of sliding on glaze layer formation at 750 °C for 
Nimonic 80A against Stellite 6. It was shown that low speed 
sliding (i.e., 0.314 m/s) resulted in the rapid development 
of a wear-resistant nano-structured Co/Cr/Ni oxide layer. 
In contrast, high speed sliding (i.e., 0.905 m/s) caused the 
formation of abrasive NiO and  Cr2O3 debris. Furthermore, 
the authors concluded that lack of retention of a high amount 
of oxides led to loose abrasive wear debris and an increase in 
wear rate. In addition, Viat et al. [18] and Korashy et al. [19] 
showed cracks and a brittle nature of tribologically induced 
cobalt oxides glaze layer on Haynes 25 up to 200 °C, which 
increased the friction and wear coefficient. A similar behav-
ior has been recently observed by Munagala et al. [20] for 
their HVOF-sprayed Diamalloy 3001 coatings up to 350 °C. 
They authors noticed the formation of cavity/cracks on the 
oxides tribolayer, and eventually, detachments of that layer 
led to an increment of wear rate at high temperatures. While 
the formation of mixed oxides on the wear tracks during slid-
ing has shown to reduce the friction and wear for Co-based 
alloys, researchers claimed that a significant contribution 
comes from the cobalt oxides glaze layer [21–24]. In addi-
tion, more detailed analysis has previously revealed that this 
cobalt oxide glaze layer is nanocrystalline [11, 13, 25] and 
some studies emphasized the presence of amorphous zones 
near the surface [13, 26]. Similar results were also reported 
by Alixe et al. [27]. The authors showed that a thin 20 nm 
amorphous layer was present above the cobalt oxide glaze 
layer closer to the contacting interfaces, which improved the 
tribology of the Co-based alloy.

Similarly to Co-based alloys, Stott et al. [3] showed that 
the friction coefficient of nickel-based superalloys (i.e., 
Nimonic 75, Nimonic C263, Nimonic 108, and Incoloy 601) 
is reduced at high temperature (i.e., from 200 °C to 800 °C). 
This friction reduction could be due to the sintering of debris 
particles and formation of protective oxide (i.e., NiO, CoO, 
FeO,  Cr2O3,  NiCr2O4) layers on the wear track. In a similar 
study on nickel-based alloys, Laskowski et al. [28] observed 
the oxidation of the alloys at high temperatures (i.e., 500 °C 
and 800 °C). It was shown that the Inconel X-750 vs Rene 
41 had the lowest friction coefficient (0.27) at 800 °C. In 
contrast, the Inconel X-750 vs Inconel 909 showed the low-
est pin wear (i.e., 2.84 ×  10−6  mm3/N-m) at 500 °C due to 
the formation of tenacious and lubricious oxide (i.e., Ni–Cr 
oxide) film on the wear tracks.

Thus, the formation of oxides in the contacting interfaces 
of the cobalt and nickel-based superalloys has been shown 
to reduce friction and wear, with the main constituent oxides 
being cobalt oxide and nickel oxide. These oxides play a 
significant role on the tribological properties at different 
temperatures, as first predicted by Peterson et al. [29]. The 
authors studied the frictional behavior of sintered cobalt 
and nickel oxides at different temperatures and showed that 
the cobalt oxide has improved lubricity compared to nickel 

oxide, even though they have similar rock salt crystal struc-
ture and ionic potential. However, it still remains unclear 
on what the driving mechanism is behind the difference in 
frictional behavior between the CoO and NiO.

The main purpose of this study is to critically evaluate the 
friction and wear behavior of thermally sprayed CoO and 
NiO coatings at room temperature and high temperature. 
Emphasis is placed on providing a better understanding on 
the mechanisms behind the lubricating behavior. To the best 
of the author’s knowledge, there is no data available on the 
tribological behavior of pure CoO and NiO coatings pro-
duced by such a thermal spraying process.

2  Experimental

CoO and NiO coatings were produced using HVOF and SPS, 
respectively. The HVOF process permits depositing the par-
ticles at a higher velocity and low in-flight temperatures, 
which allows for forming a dense coating with limited poros-
ity [30]. NiO coatings were produced using SPS (Mettech, 
Canada) due to the lack of availability of larger particle sizes 
necessary for producing coatings using HVOF. However, 
the SPS process also allows the formation of coatings with 
thin splats on the substrate, which can be beneficial for wear 
resistance applications [31]. The substrate preparation for 
spraying, powder morphology, and particle size details can 
be found in previously published articles [32, 33]. Moreover, 
the details of the working principle of the HVOF and SPS 
process can be found in previously published literature by 
the authors and co-authors [30, 34–36]. The spraying param-
eters of CoO and NiO coatings are explained in Table 1.

According to standard metallographic guidelines, the as-
sprayed coatings were cold-mounted and polished to a final 

Table 1  Thermal spraying parameters used for depositing CoO and 
NiO coatings

Deposition parameters (HVOF) values (SPS) values

Oxygen flow 217 lpm –
Propylene flow 70 lpm –
Air flow 167 lpm –
Total gas flow – 180 lpm
N2 carrier gas flow 15 lpm –
Ar gas flow rate – 45%
N2 gas flow rate – 45%
H2 gas flow rate – 10%
Current – 180 amps
Power – 78 kW
Feed rate 10 gm/min 45 ml/min
Spray distance 180 mm 50 mm
Number of passes 55 80
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surface finish of 0.4 µm. The top surface and cross-section 
of the HVOF and SPS sprayed CoO and NiO coatings were 
analyzed using scanning electron microscopy (SEM). Like-
wise, the chemical composition was determined by energy-
dispersive X-ray spectroscopy (EDS).

Dry sliding wear tests on the coatings were performed 
using a reciprocating ball-on-flat tribometer (Anton Paar 
TriTec SA, Switzerland). The details of the friction test-
ing parameters (i.e., applied load of 5N, track length of 
10 mm, and total sliding cycles of 5000) were adopted from 
the previously published article [30]. The friction testing 
parameters were selected based on the conditions of moving 
mechanical assemblies [30]. An alumina (McMaster-Carr, 
USA) ball with a diameter of 6.35 mm was used as the coun-
terface. The wear testing was performed on the as-sprayed 
coatings (i.e., without further polishing the top surfaces of 
the coatings) at two different temperatures: room or atmos-
pheric temperature (RT), and high temperature (HT). For 
the high-temperature (HT) testing, the samples (substrate/
coating) were placed in the furnace, where they were heated 
to 450 °C. The temperature recorded on the surface of the 
coating was around 300 °C (i.e., using a thermocouple). 
In this study, the atmospheric and high temperatures fric-
tion testing conditions were denoted as RT and HT, respec-
tively. Here, it can be mentioned that friction testing was 
also performed on the polished coatings (not shown here), 
but no huge significant changes in the friction results were 
noticed. Thus, further characterization was carried out on 
the as-sprayed coating wear tracks. The main motive behind 
choosing as-sprayed conditions was to make it applicable in 
practical applications without performing additional surface 
finishing processes, which will reduce the lead time and cost 
of the overall component. The consistency of the wear tests 
was checked by performing three repeats. The depth of wear 
tracks and wear volume of counterface alumina was meas-
ured using a 3D optical surface profiler (Zygo Corporation, 
USA). The wear area  (mm2) was calculated by integrating 
the wear track profiles, and the wear area was multiplied by 
track length (mm) to determine the wear volume  (mm3). The 

wear volume was normalized by dividing with applied load 
(N) and total sliding distance (m) to obtain the specific wear 
rate, k  (mm3/N.m.), as per the equation below [37].

where V = volume loss  (mm3), d is the total sliding distance 
(m), and w is the applied load (N).

To characterize the phases after tribological testing, 
Raman analysis was performed using an InVia spectrometer 
(Renishaw, UK) on the unworn and worn coatings with an 
 Ar+ ion (λ = 514.5 nm) laser source. The obtained Raman 
shift was matched with published literature data.

In order to reveal wear mechanisms, Focus Ion Beam 
Scanning (FIB) (FEI Helios 600 NanoLab 660, Thermo 
Fisher Scientific, USA) was also used to cut the specific 
position of the worn surface of CoO wear tracks. A Ga/Pt 
thin layer was deposited on the wear tracks to protect the sur-
face. An electron channeling contrast imaging (ECCI) was 
performed on this FIB cut to see the grain refinement and 
structure. ECCI on the wear tracks cross-sections was per-
formed using a cold field emission SEM (SU8230, Hitachi, 
Japan) fitted with a photodiode BSE detector. Moreover, 
worn surfaces and manual cross-sections of wear tracks of 
NiO coatings were examined using an SEM equipped with 
energy-dispersive X-ray spectroscopy (EDS).

An X-ray photoelectron spectroscopy (XPS) was per-
formed on as-sprayed CoO coatings and wear tracks after 
sliding tests at RT and HT with a VG ESCALAB 250 Xi 
(Thermo VG Scientific) Al  Kα X-ray source set to 14 kV 
and 218 W. The coating's atomic concentration and chemi-
cal/oxidates states were evaluated with this XPS analysis.

(1)k =
V

d.w

Fig. 1  XRD pattern of coatings 
prepared from a CoO and b 
NiO powder
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3  Results

3.1  Coating Characteristics

The XRD graphs of thermally sprayed CoO and NiO coat-
ings are shown in Fig. 1. The diffraction peaks associated 
with 49.77° (200), 73.03° (220), 88.49° (311), 93.57° (222), 
and 114.6° (400) can be indexed to Powder Diffraction File 
(PDF) 04-004-8987 for CoO [Fig. 1a]. The NiO powder was 
partially reduced into metallic Ni for NiO coating [Fig. 1b]. 
The diffractions peaks (i.e., 43.54° (101), 50.72° (012), 
74.53° (110), 90.50° (113), 95.90° (006)) for NiO and Ni 
(i.e., 52.18° (111), 61.02° (200), 91.76° (220), 114.69° (311) 
matched with PDF 00-044-1159, and PDF 00-004-0850, 
respectively. The reduction of the NiO into pure Ni could 
be due to the presence of hydrogen gas during spraying, 
which can be explained using the Ellingham diagram [38, 
39]. The different conditions/reasons for reducing NiO into 
metallic Ni have been previously described by co-authors 
elsewhere [33, 40].

SEM cross-sections of the CoO and NiO coatings are 
shown in Fig. 2a, and b, respectively. The CoO coating 
revealed a denser microstructure which can possibly attrib-
uted to the high velocity of the in-flight particles of the 
HVOF process [30] [Fig. 2a].

On the other hand, an irregular surface with cauliflow-
ers (not shown here) has been observed on the surface of 

the NiO coatings. The presence of pores (red circle) and 
metallic Ni (yellow arrows) in the NiO coatings is shown in 
[Fig. 2b]. These results were further confirmed by the line 
scans on the coatings shown in Fig. 3. The high intensity on 
white zones indicated Ni, whereas the grey contrast showed 
the homogenous distribution of Ni and O, proving the NiO 
phase [Fig. 3]. The details of the coating’s surface morphol-
ogy and microstructures of CoO and NiO were described 
elsewhere [32, 33].

3.2  Sliding Wear Behavior

3.2.1  Coefficient of Friction and Specific Wear Rate

The coefficient of friction vs number of cycles of CoO and 
NiO coatings is shown in Fig. 4. The coefficient of friction 
of the CoO and NiO coatings behaved quite differently at 
both, room temperature (RT) and high temperature (HT). 
At RT, the friction coefficient of the CoO and NiO was 0.63 
and 0.45, respectively. On the other hand, at HT, the friction 
value of CoO decreased to 0.5, whereas NiO's friction coef-
ficient increased (i.e., 0.7) up to 500 cycles and then dropped 
to 0.5. The sudden reduction of the friction coefficient of 
NiO at HT was due to the wear out of the coatings. In order 
to confirmed that further sliding wear testing was performed 
on NiO coating up to 500 and 1000 cycles at HT. It was 
found that the coatings worn out after 500 cycles which was 
verified by finding substrate elements (i.e., Fe, Cr, Mn, Si) 

Fig. 2  SEM cross-section of a 
CoO and b NiO coating (Color 
figure online)

Fig. 3  Cross-sectional SEM line 
scan of NiO coating, showing 
the distribution of NiO and 
metallic Ni (Color figure online)
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using the SEM/EDS mapping on the worn surfaces [Fig. 5]. 
Furthermore, a small fraction of Al was found on the wear 
tracks which was from counterball  Al2O3 [Fig. 5]. However, 
the friction coefficient of CoO and NiO at RT and CoO at 
HT maintained a steady state in all conditions except in the 
first few cycles, which could be due to the asperity polishing 
during sliding [41]. 

The specific wear rate of CoO and NiO coatings at RT 
and HT is shown in Fig. 6. The wear rate of CoO at RT 
and HT was 22 ± 2.4 ×  10−6  mm3/Nm and 12 ± 2.0 ×  10−6 
 mm3/Nm, respectively. On the other hand, NiO wear rate 
(42 ± 6.04 ×  10−6  mm3/Nm) was more than 45% higher 
than CoO at RT. The NiO coating has also worn out at high 
temperatures after the sliding test. Therefore, the wear rate 
at this temperature was relatively high and not depicted in 
Fig. 6 but mentioned as ‘coating worn out’.

Fig. 4  Friction coefficient vs 
no. of cycle of CoO and NiO 
coatings at room (RT) and high 
temperature (HT)

Fig. 5  SEM–EDS mapping of wear track after sliding 500 cycles at high temperature (HT) on the NiO coating

Fig. 6  Specific wear rate of CoO and NiO coatings at room (RT) and 
high temperature (HT)
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3.2.2  Worn Surface Morphologies

Figure 7 shows the SEM wear tracks of the CoO and NiO 
coatings after the dry sliding tests at RT and HT. Figure 7a 
shows the deep abrasive mark along the sliding direction 
with some grooves or grain pull out on the wear tracks. The 
grain pull-outs were mainly found in the ceramics where 
the boundaries of the surface grains were weaker and hence 
removed as the wear debris during sliding [42]. It should be 
noted that most of the wear debris are likely generated at the 
beginning of the testing due to the removal of the asperities. 
At HT. a comparatively smooth smeared surface with some 
shallow abrasive marks was observed on the worn surfaces 
[Fig. 7b].

Abrasive lines/grooves parallel to the sliding direction for 
the NiO coatings was observed at RT [Fig. 7c]. Addition-
ally, fracture, and/or cracks propagated on the wear tracks 
perpendicular to the sliding direction or at a slight angle. On 
the contrary, the NiO coatings wore out after sliding at 5000 
cycles at HT. The size of the debris particles varied between 
a few micrometers and the composition is a mixture between 
the substrate (i.e., steel) elements and the coating (not shown 
here). This behavior indicated the low load-carrying capac-
ity or poor wear resistance properties of NiO coatings at HT.

3.2.3  Raman Analysis

Raman analysis was performed on the deposited coatings 
and worn surfaces (i.e., CoO and NiO) after sliding at RT 

Fig. 7  SEM micrograph of the 
wear tracks after dry sliding test 
of a CoO at RT, b CoO at HT; c 
NiO at RT and d NiO at HT. ↕ 
indicate sliding directions

Fig. 8  Raman spectrum of 
unworn and worn coatings at a 
room temperature (RT) and b 
high temperature (HT)
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and HT (except wear track of NiO at HT as it worn out) as 
shown in Fig. 8. The micro-Raman analysis on the CoO and 
NiO coatings correlated well with the XRD analysis [Fig. 1]. 
However, pure metallic Ni in the NiO coating [Fig. 1b] was 
not detected with the Raman spectrum [Fig. 8b] as it is not 
Raman active.

The characteristic peaks at Raman shift 190   cm−1, 
477  cm−1, 516  cm−1 and 680  cm−1 in the unworn, worn coat-
ings at RT and HT corresponding to the CoO phase [Fig. 8a] 
[43, 44]. The peaks at Raman shift 545  cm−1 and 1080  cm−1 
corresponds to NiO phase [Fig. 8b] [43, 45].

3.2.4  Counterface Analysis

3.2.4.1 Counterface Against CoO Coating SEM images of 
the  Al2O3 counterball running against CoO are shown in 
Fig. 9 after sliding testing at RT and HT. The RT counter-
ball shows material transfer on the center and periphery of 
the contact [Fig. 9a]. In addition, the SEM image [Fig. 9a, 
b] depicted severe abrasive marks in the sliding direction 
with materials island covering parts of the grooves. This 
severe abrasive behavior of the counterball is similar to 
that observed on the wear tracks at RT [Fig. 7a]. A similar 
behavior was also observed for the HT counterball [Fig. 9c, 
d]. However, the abrasive grooves were less evident, which 
correlates well with the wear tracks at HT Fig.  7b. The 
wear of the counterballs  Al2O3 was observed after dry slid-
ing at RT (i.e., 0.65 ± 0.02 ×  10−6   mm3/Nm) and HT (i.e., 
0.67 ± 0.002 ×  10−6  mm3/Nm) was almost the same as illus-
trated in Table 2. 

3.2.4.2 Counterface Against NiO Coating The  Al2O3 coun-
terfaces sliding against the NiO coatings at RT and HT are 
shown in Fig. 10. Severe abrasive grooves with transferred 
material in the centre of the contact can be observed at RT 
counterfaces [Fig. 10a, b]. The abrasive behavior could pos-
sibly be due to the abrasive nature of the NiO debris par-
ticles that formed on the wear tracks at RT [Fig.  7c]. On 
the other hand, a vast and thick transfer film mixed with 
NiO and steel elements (not shown here) in the center and 
edges of the contact has been observed at HT counterfaces 
[Fig. 10c, d]. This thick transfer is likely due to the worn-
out of the NiO coatings after the sliding test at HT [Fig. 7d]. 
On the other hand, the wear on the alumina counterface at 
RT (i.e., 1.2 ± 0.02 ×  10−6   mm3/Nm) was low than HT but 
substantially higher than counterfaces sliding against CoO 
coatings [Table 2].

Fig. 9  SEM microstructures 
of  Al2O3 counterfaces sliding 
against CoO coatings at a, b 
room temperature (RT), and c, d 
high temperature (HT)

Table 2  Wear rate of  Al2O3 counterface against CoO and NiO coat-
ings at RT and HT after dry sliding wear testing

Coating Testing condition Counterface wear 
rate ×  10−6  (mm3/
Nm)

CoO RT 0.65 ± 0.02
HT 0.67 ± 0.002

NiO RT 1.20 ± 0.02
HT 15.32 ± 0.6
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3.2.5  Subsurface microstructure

3.2.5.1 CoO Subsurface Analysis The material’s properties 
and microstructures in the subsurface (i.e., underneath the 
wear track) is generally modified during sliding in demand-
ing conditions due to stress transfer or contact conditions 
during sliding, influencing the friction and wear mechanisms 
[20, 46]. Thus, FIB/SEM analysis was performed on the 
wear tracks (preferably on the smoother zones) developed at 
RT and HT to characterize the subsurface microstructures. 
Figure 11a and d shows the Focused Ion Beam (FIB)-SEM 
images in low magnification at RT and HT, respectively. 
The high-magnification ECCI images at RT are shown in 
Fig. 11b and c, which clearly reveal submicrometric grains 
throughout the micrographs. No apparent tribofilm or grain 
refinement was observed near the contact interfaces. In 
addition, crack propagation and/or fractures appeared below 
the worn surface (i.e., closer to contact interfaces). Interest-
ingly, three (I, II & III) distinct zones along with sintered or 
compacted grains can be seen in the ECCI cross-section of 
the wear track at HT [Fig. 11e, f]. Zone I is associated with 
the nanocrystalline/amorphous layer on the surface, zone II 
is the nanocrystalline zone underneath, and zone III is the 
sub-micrometric zone.

EDS mapping and line analysis were performed on the 
CoO wear tracks to distinguish the variation of Co and O 
[Fig. 12]. Co and O were distributed homogeneously on the 
sub-surface without any variation. This was an initial indica-
tion that the only structural modifications (i.e., grain refine-
ment) of the coatings in the sub-surface occurred during 
sliding at HT [Fig. 11e, f].

The x-ray photoelectron spectroscopy (XPS) showed no 
significant variation of Co and O elements in the coatings 
and the wear tracks at RT [Fig. 13a, b]. However, HT wear 
tracks showed a variation of Co and O on the surface and 
remained similar as a function of depth [Fig. 13c]. The Co 
and O elements on the HT wear track could be associated 
with  Co3O4.

3.2.5.2 NiO Subsurface Analysis The cross-section of the 
NiO coating after wear testing at RT is shown in Fig. 14. It 
should be noted that the cross-section of the NiO wear track 
at HT is not shown here since it was completely worn out 
after friction testing.

A dense layer (i.e., tribofilm) at RT was formed on the 
wear tracks, as shown in Fig. 14a, which can be associated 
with cracks, brittle fractures, and spallation from the coat-
ing [Fig. 14b, c]. The cracks (i.e., yellow circles) within the 
tribolayer are consistent with the cracks observed on the 
surface of the wear tracks Fig. 7c. These characteristics can 
be related to the hard and brittle behavior of the tribolayer 
[47–49].

4  Discussion

4.1  Friction and Wear Mechanisms of CoO Coatings

In order to provide a better understanding on the friction and 
wear mechanisms of CoO coatings sliding at RT and HT, a 
schematic is shown in Fig. 15 based on the ex situ analysis 
performed in this study. At room temperature, the governing 

Fig. 10  SEM microstructures 
of  Al2O3 counterfaces sliding 
against NiO coatings at a, b 
room temperature (RT), and c-, 
d high temperature (HT)
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wear mechanism is abrasion (i.e., possibly 2 or 3 body abra-
sions) with significant plastic flow of the asperities, which is 
indicated through the grooves in the parallel direction to the 
sliding, [Fig. 7a] [50]. In addition, it is likely that localized 
shear deformation occurred due to the cyclic exposure of the 
wear track. The cyclic loading and frictional heating in the 
contact zone at RT were not sufficient to change any sub-sur-
face grain refinement and thus, sub-micrometric grains were 
observed throughout the sub-surface [Fig. 15a]. However, 
this cyclic loading led to the development of sub-surface 
cracks [Fig. 11b, c and Fig. 15a], detachment of materials 
from the worn surface, and formation of wear debris that 
accelerated severe abrasion, resulting in high friction and 
wear rates [Fig. 4 and Fig. 6]. Crack formation and brittle 
behavior of ceramics at room temperature could accelerate 
detachment of wear fragments during sliding, generate high 
wear debris, and cause increased friction and wear [41]. A 
similar formation of brittle cracks on the wear tracks has 
been observed on the tribologically induced cobalt oxides 
for Co-based alloys, which were previously reported by Viat 
et al. [18], Korashy et al. [19] and Munagala et al. [20]. Also, 

Viat et al. [18] proved by micropillar compression testing 
that this oxides layer behaved as brittle behavior from room 
to 200 °C, which resulted in relatively high friction and wear 
rates at room temperatures.

At high temperature, a comparatively smooth smeared 
surface with some shallow abrasive marks was observed on 
the wear tracks [Fig. 7b]. The more ductile behavior in com-
bination with the high frictional heating and reduced thermal 
conductivity (i.e., 9 W/m.K. at ~ 25 °C) at high-temperature 
environment could promote the formation of such a smeared 
smooth surface on the wear tracks [51]. Consequently, this 
smeared tribofilm on the wear tracks will results in a low and 
stable friction coefficient and high wear resistance character-
istics at HT compared to RT [Figs. 4 and 6]. A similar obser-
vation of continuous smeared tribofilm was observed by Roy 
et al. [35] for their plasma-sprayed tantalum oxide coatings 
at elevated temperatures, which reduced friction and wear. 
Additionally, Viat et al. [18] showed that the tribologically 
induced cobalt oxides undergo the brittle to ductile transi-
tion at above 300 °C, which decreased friction and wear. 

Fig. 11  SEM/FIB image of CoO 
coatings at a room temperature 
(RT) and d high temperature 
(HT). ECCI micrograph of this 
FIB cut of CoO wear track at 
b, c RT and e, f HT; Zone I: 
nanocrystalline/amorphous 
layer, Zone II: nanocrystalline 
zone, and Zone III: sub-micro-
metric zone
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This behavior could be responsible for changing the severe 
abrasive wear (RT) to mild abrasive wear at HT [Fig. 7b].

Three distinctive zones (i.e., nanocrystalline amor-
phous, nanocrystalline, and sub-micrometric) were iden-
tified in the sub-surface of HT wear tracks, as explained 
in Sect. 3.2.5. This is consistent with previous studies 
highlighting that the glaze layers closer to the interface 
were nanocrystalline with increased hardness for Co-based 
alloys, which ultimately decreased friction and wear [13, 
15, 26, 52]. This behavior has also been observed in other 
metallic alloys, forming lubricious oxide glazes on the 

wear tracks at high temperatures [20, 53, 54]. Some studies 
have even shown the presence of amorphous zones along 
with nanocrystalline grains in these cobalt oxide tribolay-
ers [13, 26, 55]. In addition, Tang et al. [56] showed that 
the formation of CoO or  Co3O4 oxides layer on the wear 
track at high temperatures can be explained by the greater 
diffusion of Co than Cr, which reduced the overall friction 
and wear for cobalt-based superalloys. The frictional heat-
ing at high temperatures could play a significant role for 
the formation of  Co3O4 or remain CoO as per Eq. (2) [56].
Query However, further advanced characterization needs 

Fig. 12  EDS mapping and line 
analysis (i.e., top to bottom) of 
CoO at room temperature (RT) 
and high temperature (HT)

Fig. 13  XPS depth profiles of 
CoO a coating, b wear track at 
room temperature (RT), and c 
wear track at high temperature 
(HT)
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to be performed to fully understand the type or nature of 
the tribofilm closer to the contact interfaces.

(2)CoO
Oxidized
⟶

200−600◦C
Co3O4

Decomposed
⟶

850−1000◦C
CoO

4.2  Friction and Wear Mechanisms of NiO Coatings

Similar to CoO, a schematic (Fig. 16) of the friction and 
wear mechanisms for the NiO coatings at RT and HT is 
shown based on the ex situ analysis. The friction coefficient 
of NiO coatings was lower than the CoO coatings at RT 
[Fig. 4]. The low friction could be due to the high hard-
ness of the NiO as compared to CoO coatings [57]. The 
effect of hardness on friction coefficient is described by 

Fig. 14  SEM-cross-section 
of wear tracks of NiO coat-
ings after tribotesting at room 
temperature (RT). Blue arrows 
and yellow circles showed 
spallation and cracks in the 
tribolayer. ⊗ indicate sliding 
direction (Color figure online)

Fig. 15  Friction and wear 
mechanisms of CoO coatings 
after dry sliding at a room 
temperature (RT) and b high 
temperature (HT). ⊗ indicate 
sliding direction

Fig. 16  Friction and wear 
mechanisms of NiO coatings 
after dry sliding at a room 
temperature (RT) and b high 
temperature (HT). ⊗ indicate 
sliding direction



 Tribology Letters (2023) 71:99

1 3

99 Page 12 of 14

the Archard [58]. Indeed, the high hardness coatings can 
significantly reduce friction, as observed by researchers 
in their previously published literature [59–62]. However, 
due to the brittleness of the NiO, cracks were propagated 
on the wear track while two or three body abrasive wear 
mechanisms was dominant [Figs. 7c and 16a]. Evans et al. 
previously showed NiO is hard and brittle in atmospheric 
conditions [63]. Consequently, the formation of cracks and 
brittle natures of ceramics accelerated the removal of wear 
fragments during sliding, generating high wear debris, and 
consequently high wear [41]. Goel et al. [46] and Mahade 
et al. [47] have observed a similar behavior in their plasma-
sprayed alumina coatings at atmospheric sliding conditions.

At high temperature, the friction coefficient of NiO coat-
ing was relatively high (~ 0.7) up to 500 cycles, which could 
possibly be due to the generation of hard particles (i.e., NiO) 
in the sliding process. A similar explanation for the high 
friction of NiAl coatings at high temperatures was made by 
Yao et al. [45]. Similarly to the friction coefficient, the wear 
rate of NiO coatings was relatively high and the coating was 
completely removed at the end of the test [Fig. 6; Fig. 7d; 
Fig. 16b]. Evans et al. showed that NiO employs it’s brittle 
nature up to 500 °C [63]. Therefore, in our study, it is likely 
that the NiO coating failed prematurely due to brittle fracture 
within the worn area.

In general, the lubricity of the CoO and NiO at high tem-
peratures can be related to the polarizability approach or 
interaction parameter [64, 65]. The interaction parameter 
of CoO and NiO are 0.059 and 0.083, respectively. Prakash 
et al. [65] found that with decreasing the interaction param-
eter the friction coefficient of the oxides decreased at high 
temperatures due to the weaker bond energy between anion 
and cation. In addition, the interaction parameter can be 
related to the activation energy for the improved lubricity. 
More specifically, the formation of vacancies and hopping 
of ions at the surface of an oxides becomes easier with lower 
the activation energy, and thus, increases the degree of free-
dom and mobility of ions. This increased mobility of ions 
at their surface is assumed to be at the basis of the low coef-
ficient of friction of such oxides in sliding contacts [65].

5  Conclusions

The main purpose of this study was to critically evaluate 
the friction and wear behavior of the thermally sprayed 
CoO and NiO coatings at room temperature (RT) and high 
temperature (HT). In terms of wear characteristics, the 
CoO coatings outperform NiO in both states. The fric-
tion coefficient and specific wear rate of the CoO coatings 
decreased with increasing temperatures. Ex situ analysis of 
the wear tracks after sliding at high temperatures revealed 
the formation of a thin, nanocrystalline amorphous 

tribofilm. At room temperature, brittle fractures, and sub-
surface micro-cracks of CoO coating caused high friction 
and wear. At room temperature, NiO coating provided low 
friction and wear, which can possibly be attributed to the 
high hardness. At high temperature, on the other hand, 
the coating was utterly worn out and resulted in increased 
friction and wear due to its brittle nature [63].
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