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Abstract
In thermally sprayed tungsten carbide–cobalt (WC–Co) coatings, the hard WC particles perform as the wear-resistant part, 
while the cobalt act as binder and provides toughness. Due to their excellent properties, thermally sprayed WC–Co coatings 
have been widely used in many industrial applications requiring sliding, abrasion, erosion resistance, and fretting. The Tribo-
logical characteristics of nanostructured WC-25%Co coatings obtained using high velocity oxy-fuel (HVOF) spraying were 
investigated. The feedstock powder of nanostructured WC-25%Co used to deposit the coatings was mixed with the reduced 
graphene oxide (rGO) as an additive at three different weight percentages proportions of 0.5, 1.0, and 1.5 wt% to investigate 
its effect on the characteristics of coatings. The microstructural and tribological characteristics of obtained coatings were 
evaluated. The worn-out surfaces of coatings in the wear track were characterized to identify the wear mechanism involved. 
It is found that abrasion wear is the most predominant wear mechanism causing the wear loss of coatings. It is also found 
from wear track analysis that wear tracks are evident at 1.5 and 1.0 kgf loading conditions, while they are very lightly visible 
at 0.5 kgf loading condition because of lesser impact of WC ball over the coating surface. Microstructural characteristics 
of the coatings are altered, and the rGO bridges in the middle of the splats are also identified in coating’s microstructure. 
Also, a significant improvement is observed in the microhardness and surface roughness with rGOs reinforcement in the 
nanostructured coatings.

Keywords  WC–Co coatings · Nanostructured coatings · HVOF spraying · Reduced graphene oxide · Tribological 
characteristics

1  Introduction

The damage of component materials in engineering systems 
are happened as a result of wear is very undesirable and 
leads to repair or replacement of components which oth-
erwise results in their failure. Numerous works are done 
to study and understand the mechanisms of wear and also 
to develop the wear characteristics of the materials. It is 
understood that the surface modification using hard thick 
protective coatings on metallic substrates of components 
can certainly increase the wear resistance. Thus, surface 

engineering takes part an important role in wear reduction 
and in addition to corrosion-induced damage of components 
used in various industries [1, 2]. Also, material deprivation 
in service span of components in the thermal environment is 
not just troublemaking but also not advisable to the economy 
of production.

To conquer all these problems, researchers have built up 
a protective shield for covering the material of engineer-
ing applications with viable coatings obtained from ceramic 
feedstock powders. It will enhance the material lifetime, 
while the coating is demonstrated to be resistant to wear 
damages and mechanically strong [3]. Different investiga-
tions have been performed on ceramic type of coatings to 
determine microstructural, mechanical and wear proper-
ties on the surface of material. These examinations proved 
that the wear resistance is significantly influenced by vari-
ous properties, such as powder grain size, hardness, phase 
distribution, binder phase content, microstructure, and also 
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toughness of the coating material [4]. However, due to their 
superior properties the ceramic materials are widely used in 
various industrial applications. The main reason for using 
ceramic coatings is to get resistance from wear to attain 
higher hardness. [5–7].

In recent times, depositions of ceramic coatings on the 
surface of metallic substrates are performed through differ-
ent types of deposition methods. Among these high velocity 
oxy-fuel (HVOF) is one of the most prominent techniques 
for deposition of coatings under elevated environments and 
temperatures. Nowadays, thermal barrier coatings (TBC) 
are used significantly in aviation industries to get protec-
tion from erosion, wear, pores and other defects. [8]. HVOF 
thermal barrier coatings are mainly utilized in heat engines 
at elevated temperatures to get resistance from wear. During 
spraying, these composite powders are heated up to 3000 K 
and accelerated at higher velocity in a chemically active 
environment [9].

Tungsten carbide–cobalt (WC–Co) coatings are known 
for wear resistant coatings due to their excellent sliding wear 
resistance and mechanical properties. The coatings should 
resist the wear and corrosion, while material undergoes 
at extreme temperatures. The main features that influence 
the performance of TBCs are pores, which are located in 
coatings microstructure. Therefore, numerous experiments 
are conducted to recognize the relationship between micro-
structure, porosity, processing methods, and the properties 
including thermal shock resistance, heat conductivity, frac-
ture toughness, micro hardness, etc.[10, 11].

Reduced graphene oxide (rGO) is one of the best alter-
natives to improve the wear resistance and very few studies 
have been conducted to investigate the characteristics of the 
coatings obtained from rGO doped ceramic feedstock pow-
der. Graphene is a formation of single layer carbon atoms 
possessing 2D-hexagonal structure and it has been attracted 
widely in major industrial applications due to its unique 
features [12–15]. Graphene is not only the thinnest mate-
rial but also it can exhibit the highest thermal conductivity 
possess above 3000 W m−1 K−1, and electrical conductivity 
of 2.5 × 105 cm2 V−1 s−1 [16], greater mechanical properties 
of 1 TPa Young’s modulus, and 130 GPa intrinsic strength 
[17–19]. However, using graphene alone for the coatings 
on metallic substrates is very difficult due to its single layer 
formation and hence it cannot protect the surface completely. 
Schriver et al. [20] obtained the graphene reinforced Cu 
metal coatings using chemical vapor deposition (CVD) pro-
cess. It is observed that there are many defects on coating 
surface and it has undergone severe oxidation process. A 
possible solution defined to prevent these kinds of issues is 
using graphene based oxides like reduced graphene oxide 
[21, 22]. The rGO is a purified form of GO obtained from 
reduction of oxygen-related functional groups of graphene 
oxide through thermal or chemical techniques.

In this study, HVOF sprayed nanostructured coatings 
obtained from rGO added WC-25wt.%Co feedstock powder 
were characterized to investigate the powder morphology, 
coating microstructure, phase analysis, surface roughness, 
and also the tribological characteristics, such as the weight 
loss against normal load, average coefficient of friction, wear 
track morphology, and the wear mechanisms involved.

2 � Experimental procedures

In this work, the high velocity oxy-fuel (HVOF) spraying 
process was used for the deposition of coatings. The coatings 
were deposited by utilizing a spraying gun (DJ 2600 model) 
having a nozzle (DJ 2603 model) at Spraymet Surface Tech-
nologies Private Limited, Bangalore, India. The nanostruc-
tured WC-25 wt% Co feedstock powder was reinforced with 
reduced graphene oxide to obtain the corresponding coat-
ings. The feedstock powders with an average particle size 
of 30–50 nm were added with the reduced graphene oxide 
(rGO) at three different percentage proportions of 0.5, 1, 
and 1.5 wt%. The feedstock powders of WC-25 wt% Co, and 
rGO were obtained from Nano Research Lab, Jamshedpur, 
Jharkhand, India. It can be noted that the nanostructured 
WC-25 wt% Co powders were mixed properly with rGO 
having an average particle size of 20–45 µm using ball mill-
ing process (at 180 rpm for 1 h) at three different percentage 
proportions of 0.5, 1, and 1.5 wt%. As per the information 
from the powder’s supplier, the tap densities of nanostruc-
tured WC-25 wt% Co and rGO are 3.9 g/cm3, and 1.91 g/
cm3, respectively. The schematic representation of HVOF 
coating and characterization studies are shown in Fig. 1. The 
process parameters used for HVOF spraying of coatings are 
shown in Table 1.

2.1 � Sample preparation and coatings deposition

The mild steel (AISI 1020) substrates (100 × 100 × 6 mm) 
were used for the coatings deposition. First, to remove 
unwanted oxides from surface, the substrates were ground 
using a surface grinder (Alex NH 500 model) and an average 
surface roughness of 0.1 µm was maintained on the sub-
strate surface. For better mechanical anchor and adhesion 
during coatings deposition, the substrates were grit blasted 
with an alumina grits having an average grit size of 28 and 
at 140 psi air pressure. After grit blasting, to remove the 
dust, dirt, and any other foreign particles completely, the 
substrates were ultrasonically cleaned in an iso-propanol 
bath for 15–20 min. Later, the substrates were fixed on the 
substrate holder and pre-heated to a temperature of around 
100–150 °C, and then the nanostructured WC-25 wt% Co 
coatings reinforced with rGO were deposited using HVOF 
spraying. The thickness of the coating was ranging from 
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300 to 350 µm. For further investigation to study the coating 
characteristics and properties, the coated samples were cut 
into cross-sectional specimens of size 10 × 5 × 6 mm using 
a low speed diamond saw cutter. Later, these cross-sectional 
specimens were hot mounted using Bakelite powder for met-
allographic studies. These hot mounted specimens were pol-
ished with SiC abrasive sheets of different grades 220, 400, 
600, 800, and 1000. Polishing was done on each abrasive 
paper for 10 min and later disc polishing on velvet cloth was 
also carried out for 15 min.

2.2 � Characterization and analysis

The coatings microstructure on cross-sectional specimens 
was examined using Zeiss EVO 18 scanning electron micro-
scope (SEM). For each coating variant, seven images were 
taken at various magnifications. To study the phases, present 
in the powder and coatings, X-ray diffraction (XRD) tests 
were performed using X-ray diffractometer (PANalytical 
X’pert PRO PW1070) with CuKα radiation, 40 kV operat-
ing voltage, 40 mA current, step time of 0.14 s, and scanning 
step of 0.0172°.

Measurement of microhardness on the cross section of 
coatings was performed using microhardness tester (MMT_
X7B model) with Vicker’s microhardness indenter at load 

of 100 g and dwell time of 15 s. Average of ten readings 
was computed for each type of coating sample. The surface 
roughness measurement of as-sprayed coatings was also car-
ried out using a profilometer (Marsurf precision model) inte-
grated with Taly Profile software at chosen ten random loca-
tions, and average surface roughness (Ra) was calculated.

2.3 � Tribological study

Numerous wear tests were carried out on coating sample sur-
face by Ducom tribometer (model: TR-20-OLE) to observe 
the wear depth, coefficient of friction (COF), wear depth, 
and the wear rate. The parameters employed for perform-
ing wear tests are mentioned in Table 2. These tests were 
carried out at various types of loads of 0.5, 1.0, and 1.5 
kgf and maintain sliding speeds of 0.17, 0.33, and 0.5 m/s. 
The sliding distance was set as constant at 300 m. The WC 
(tungsten carbide) balls were utilized for these wear tests 
with a diameter of 8 mm. The weight loss of the as-sprayed 
coated samples was calculated using Essae company model: 
FB-600 electronic balance by determining the coated sam-
ple weight before and after performing the wear test. After 
finishing each wear test the wear debris over the sample was 
removed completely by air blowing process. The wear tests 
were conducted at each loading condition by maintain with 
three different speed conditions to get the accurate results. 
Total three different loads were used to check the wear 

Fig. 1   Schematic representation of high velocity oxy-fuel (HVOF) sprayed rGO induced WC-25%Co coatings

Table 1   Process parameters used for HVOF spraying process

Parameter Range

Flow rate of Oxygen (O2) 1000–1050 l/min
Flow rate of Kerosene 0.45 l/min
Flow rate of carrier gas (H2) 60–70 l/min
Powder feed rate 80–100 g/min
Spray velocity 1200 m/s
Spray distance 205–260 mm

Table 2   Parameters used in wear tests

Parameter Value

Load 0.5, 1.0, 1.5 kgf
Sliding distance 300 m
Sliding speed 0.17, 0.33, 0.5 m/s
Track diameter 10 mm
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behavior of coated sample at three different speeds of each 
load. The standard deviation and mean for the sample weight 
loss were calculated. Finally, after wear test the wear tracks 
morphology were examined with SEM analysis to observe 
the mechanisms included in wear track. The wear rate was 
calculated using the below mentioned equation:

where Wr is the wear rate (mm3/Nm), V is the wear volume 
(mm3), F is the normal load (N), and L is the sliding distance 
(m).

The wear volume (V) is computed with below stated 
equation:

where W0 is the weight of sample before performing test, W 
is the weight of the sample after performing test, and D is 
the powder density.

The density of tungsten carbide–cobalt powder is 3.64 g/
cm3

(Data acquired from the powder supplier Nano research 
Lab, Jamshedpur, India).

3 � Results and discussion

3.1 � Microstructure and phase analysis

To study the powder morphology and microstructure of 
coatings the SEM analysis is carried out. The feedstock pow-
der morphology of nanostructured WC-25 wt% Co before 
and after addition of rGO is shown in Figs. 2 and 3. It could 
be seen from Fig. 1 that the nanostructured WC-25 wt% Co 
feedstock powders before the addition of rGO are spherical 
in shape and having more pores. It is known that high energy 
ball milling is a simple and efficient way of manufacturing 
the fine powder with nanostructure size. Powder mixture of 

(1)Wr = V∕F ⋅ L,

(2)V = (W0 −W)∕D,

WC-25 wt% Co were closed up in WC–Co hard metal vial 
mixed with ethanol and WC–Co hard metal balls of 8 and 
12 mm in diameter is used for mixing in a glove box contain-
ing inert atmosphere of Ar. The ball to powder weight ratio 
is controlled to be 15:1. The milling process was continued 
on a high energy ball mill with the selected rotation velocity 
of 250 rpm. After 10 h duration of milling, the powder was 
taken out from vial and dried it up at room temperature [23]. 
The spherical morphology assists in powder better flow at 
the time of deposition of coatings. The pores can be seen 
clearly at higher zoom level and the outer surface of powder 
particles look very rough. The pores are appearing as black 
in the SEM micrograph. Nanostructured powders with hol-
low and porous morphology have higher surface area being 
exposed to gas and, thereby, the WC phase in the powders 
is expected to undergo greater decomposition and dissolu-
tion as compared to conventional powders [24]. Morphology 
of the powder after the addition of the rGOs is revealed in 
Fig. 3 and the adherence of rGOs over WC and cobalt pow-
der particles can be seen clearly in the powders added with 
1.5 wt% rGO. It can also be identified that the rGO dispersed 
uniformly in the powder and lowered the amount of pores 
resulting in reduced porosity [25, 26].

The coating process of rGO reinforced WC-25 wt% Co 
powder is shown illustratively in Fig. 4. Cross-sectional 
micrograph showing the microstructure of WC-25 wt% Co 
coatings obtained from feedstock powders before addition 
of rGO is shown in Fig. 5. It could be observed from Fig. 5 
that the WC-25 wt% Co coating exhibiting many pores in its 
microstructure and the pores are visible as tiny dark areas. 
Greater densities of finer and uniformly distributed WC par-
ticles are identified (see Fig. 5) in HVOF sprayed coatings.

The microstructure of WC-25 wt% Co coatings obtained 
from feedstock powders after the addition of rGOs is 
revealed in Fig. 6. It could be observed that the rGOs have 
stickled and well dispersed in the microstructure of coating 
sample [27]. It can also be identified that the reinforcement 
of 1.5 wt% rGOs in these nanostructured coatings caused 

Fig. 2   Powder morphology of WC-25 wt% Co powder before adding 
rGO

Fig. 3   Powder morphology of WC-25  wt% Co powder after adding 
rGO
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for the formation of patches in the microstructure and this 
is accredited to decarbonization of the coatings at elevated 
temperatures at the time of coatings deposition. The micro-
structure also contains multiple micro pits with wavy nature. 
The surface also seems to be very rough. The rGO pullout 
also can be seen in Fig. 6 that requires the dissipation of 
more fracture energy as it is having higher interfacial area 
on the external force application. Therefore, the toughness 
increases automatically which can delay the fracture of the 
coatings. The results are in line with the work carried out 
by Neito et al. [28], and it was observed that the increased 
fracture toughness of coatings is due to both graphene 
nanoparticles sliding and bending. Figure 6 also displays 
the grain wrapping by rGO, which can oppose the crack 
initiation efficiently by holding the grain jointly in the par-
tially melted regions and re-solidified area [29]. The same 
observation of graphene nanoparticles grain wrapping with 
alumina coatings in the plasma sprayed coatings was identi-
fied by Mukherjee et al. [30]

The phases present in powders and the coatings before 
and after the addition of rGOs have been investigated. Tung-
sten carbide (WC), and cobalt (Co) were only the major 
phases located in WC-25 wt% Co powder before adding rGO 
and it is shown in Fig. 7. It can be seen that the intensity 
of cobalt phase is less as compared to the tungsten carbide 
phase because of its lesser percentage in the powder compo-
sition. However, an additional phase of carbon (C) was also 
identified after the addition of rGOs. However, this phase is 
neglected and not displayed here as a result of its very less 
intensity.

Fig. 4   Illustrative representation of a high velocity oxy-fuel (HVOF) coating process; b powder particles coated on the substrate

Fig. 5   Cross-sectional microstructure of WC-25%Co without rGO 
addition

Fig. 6   Topcoat cross-sectional microstructure of WC-25  wt% Co 
coatings after addition of 1.5 wt% rGO
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Correspondingly, the phases present in WC-25 wt% Co 
coatings before and after rGOs addition are displayed in 
Fig. 8. It could be identified from Fig. 8a that the coatings 
obtained without rGO addition contain the phases of tung-
sten (W), tungsten carbide (WC), and semi-tungsten car-
bide (W2C) with hexagonal crystal structure. Moreover, 
it is also observed that the rGO reinforced WC-25 wt% 
Co coatings contain an additional phase of Co3W3C with 
face-centered crystal structure in addition to tungsten 
(W), tungsten carbide (WC), and semi-tungsten carbide 
(W2C) phases.

The tungsten (W) phase is not displayed here in the 
figures due to its very lesser intensity. The semi-tungsten 
carbide (W2C) phase is identified as a result of decarburi-
zation of WC at higher temperatures during the deposition 
of coatings. The W2C phase is identified in WC grains 
and exhibits a fully shell type structure along with the 
boundaries of WC particles. The Co3W3C phase was allo-
cated above the WC–Co splats [31]. During solidification 
process the Co3W3C phase is often identified in crystal 
forms. It is evident from earlier works that the wear char-
acteristics of the coatings depend on the shape, size and 
also allocation of Co3W3C phase. The smaller amount of 
Co3W3C phase outcomes in superior wear resistance of 
coatings [32]. It can be noted that the phases present in 
0.5, 1, and 1.5 wt% rGOs reinforced coatings the phases 
present are same, and hence the XRD patterns were 
revealed only for the 1.5 wt% rGOs reinforced coatings 
(see Fig. 8b). It can also be observed that the intensity of 
the cobalt phase is very minimal in coatings obtained at 
higher percentage of the rGOs addition, i.e., the cobalt 
phase is identified with higher intensity only in the case 
of 1.5 wt% rGOs added coating system.

3.2 � Mechanical properties

The microhardness of WC-25 wt% Co coatings gained from 
rGOs reinforced feedstock powder is evaluated and the vari-
ation in microhardness is shown in Fig. 9. It is noted that 
the microhardness of the coatings without adding the rGOs 
is 10.8 ± 0.11 GPa, whereas with the addition of 1.5 wt% 
rGO, microhardness is obtained as 12.1 ± 0.15 GPa. It can 
be observed that there is an increment in the microhardness 
of coatings with the addition of rGO. From the results, it is 
evident that the microhardness of coatings increases some-
what with raise in the rGO percentage addition (see Fig. 9). 
This phenomenon was occurred mainly because of rGO 
bridges obtained in the coating microstructure, and similar 
result was also identified in the work done by Jambagi et al., 
2018, where CNTs (carbon nanotubes) were used instead 
of rGO [33]. However, there is no much significant vari-
ation in the microhardness as the difference in percentage 

Fig. 7   Phase analysis of WC-25 wt% Co powder without rGO

Fig. 8   Phase analysis of WC-25 wt% Co coatings a without rGO, b 
with 1.5 wt% rGO
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addition of rGO is very less (i.e., 0.5, 1.0, and 1.5 wt%). It 
can also be noticed that the microhardness of coatings is 
gradually increasing with the increased percentage of rGOs 
addition. This is on predictable lines that as the rGO per-
centage increases, the porosity in coatings reduces, and thus 
hardness increases [34].

The surface roughness of the as-sprayed coatings gained 
with and without addition of rGOs has been measured and 
shown in Fig. 10. It could be identified from Fig. 10 that 
the average surface roughness (Ra) of the as-sprayed coat-
ings has been reducing with the raising the percentage of 
rGOs. The maximum values of average surface roughness 
obtained for the WC-25 wt% Co coatings with and with-
out addition of rGOs are 4.0 ± 0.5 μm and 3.6 ± 0.3 μm, 
respectively. It is also observed physically through keen 
visual examination that the coatings obtained without the 
rGOs reinforcement are rough as compared to the coatings 

obtained with the rGOs reinforcement. The main reason for 
this occurrence is that the nanostructured WC-25 wt% Co 
coatings without addition of rGOs exhibit more pores and 
show higher surface roughness, whereas the coatings rein-
forced with rGO have less pores and hence the as-sprayed 
coating’s surface becomes smooth. The surface rough-
ness values are recorded low for the rGO added coatings 
as compared to the coatings without the addition of rGO. 
When the rGOs are added, the pores get decreased in the 
nanostructured WC-25 wt% Co coatings as the rGOs are 
behaving nano type fillers and packing the void spaces of 
pores, and thus resulting in the smooth coating surface with 
reduced porosity [35].

3.3 � Wear characteristics

Tribological types tests are performed on the as-sprayed 
coatings and wear behavior have been studied. From wear 
tests results, it was identified that the WC-25 wt% Co 
coatings with 1.5 wt% rGO shown less weight loss and 
a lesser amount of wear rate with lessen coefficient of 
friction as compared to the WC-25 wt% Co coatings with 
0.5 wt% rGO and 1.0 wt% rGO [36]. The sum of weight 
loss goes after a critical trend at all the test parameter 
situations. The variation in weight loss at various loads 
and sliding speeds is displayed in Fig. 11. It could be 
observed that the sum of weight reduction (i.e., weight 
loss) is a smaller amount for the coatings obtained from 
1.5 wt% rGO addition at all the sliding speeds of 0.16 m/s, 
0.31 m/s, and 0.47 m/s. However, the weight loss followed 
a various trend in the coatings gained from 1.0 wt% rGOs 
addition at the sliding speed of 0.31 m/s. First, the weight 
loss increased up to 1 kgf load and then decreased (see 
Fig. 11b).This occurrence was mainly because of more 
decarbonization that happened at the time of coatings 
deposition. It can be understood that the decarbonization 
resulted in more softening of the coatings due to loss of 
carbon and hence more weight loss is occurring particu-
larly at higher loads.

However, at the sliding speed of 0.16 m/s, the weight 
loss was noted a lesser amount as compared to the other two 
different types of sliding speeds. This observable fact can 
be accredited to the existence of an affluent protective layer 
created by rGO.

Also, the results are attained for the duration of wear 
tests for coefficient of friction (COF), wear rate, and wear 
depth at various test factor conditions. The difference in 
average coefficient of friction (COF) adjacent to normal 
load at various sliding speeds is shown in Fig. 12. It can be 

Fig. 9   Variation in microhardness of WC-25  wt% Co coatings with 
variation in rGO percentage

Fig. 10   Variation in surface roughness of WC-25  wt% Co coatings 
with variation in rGO percentage
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identified that the lesser value of COF is 0.19 ± 0.01 and 
it is obtained for the coatings with 1.5 wt% rGOs addition 
at 1.5 kgf load and 0.16 m/s sliding speed. For these coat-
ings, the wear rate is exceptionally low and the rGO would 
not be dragged out from coatings. Hence, the unspooled 
rGOs behave like protecting layers and present a low COF 

[26]. It can be noted from Fig. 10 that the COF decreases 
with rGOs percentage rising. The existence of rGOs in 
WC-25 wt% Co coatings behaves like bridges with the 
aim of protect the coatings surface. This same identifica-
tion was also examined in earlier studies as mentioned 
here [37–40].

The coatings morphology of wear track obtained from 
WC-25  wt% Co powders with rGOs reinforcement at 
load of 1.5 kgf and sliding speed of 0.17 m/s is exhib-
ited in Fig. 13. It can be identified that the 0.5 wt% rGO 
added sample top coat has gone through delimitation (see 
Fig. 13a) caused by WC ball abrasive behavior over the 
surface of coating and the wear rate of this coating top 
coat exhibited maximum with higher wear depth as a 
result of rGO existence in lower weight percentage (see 
Fig. 13b). Besides, the coatings resulting from 1 wt% 
added rGOs are exhibiting similar type of delimitation 
phenomena but with lower intensity as evaluated to the 
1.5 wt% of rGOs added coatings (see Fig. 13c). It can 
also be confirmed from the wear track morphology shown 
in Fig. 13d. The wear track morphology showed rough 
texture behavior because of high load. It can be noted that 
the coatings obtained from 1.5 wt% addition of rGOs, the 
deflection of cracks observed, it is due to existence of 
rGOs (see Fig. 13e) and this happened mainly because of 
rGOs induced type crack arresting method. Correspond-
ingly, in 1.5 wt% rGOs added coatings, the surface of coat-
ing exhibits numerous patches that perform as protection 
layers and decreases the COF. These dark type patchy 
layers form mainly because of rGOs bridge formation in 
splats. The wear debris stripping on the surface of wear 
track can be mainly accredited to unpulled rGOs presence 
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in coating microstructure (observe Fig. 13f). Neverthe-
less, it can be evidently noted that the wear of 0.5 wt% 
and 1.0 wt% rGOs added coatings occurred primarily 
because of delamination subsequently pulverization, while 
in 1.5 wt% of rGOs-added coatings, the sliding abrasive 
wear is identified, that is more dominant type of key wear 
mechanism.

Correspondingly, the wear track morphologies 
acquired for two types of sets with other conditions are 
also revealed in Figs. 14 and 15. The wear tracks obtained 
at load of 1.0 kgf, sliding speed of 0.33 m/s, and load of 
0.5 kgf, sliding speed of 0.17 m/s test situations have been 
investigated, as shown in Figs. 14 and 15, correspond-
ingly. At load of 1.0 kgf and sliding speed of 0.5 m/s 
condition, the wear tracks can be identified evidently in 
all type of coatings performed at various proportions of 
rGOs. It is identified in the coatings with 0.5 wt.% rGOs 

addition, the grooves and cracks were observed on wear 
tracks and tiny debris presence also noted on surface of 
the coating (see Fig. 14a, b). In the case of 1.0 wt% rGO 
added coatings, the discontinuous manner wear track was 
identified, it is because of brittle phases presence (see 
Fig. 14c, d). The reason for grooves observed on the sur-
face of wear track is due to WC ball fluctuation at the 
time of wear test (see Fig. 14e). The wear fragments and 
micro-cracks initiation also can be observed on surface 
of the 1.5 wt% rGOs added coatings (see Fig. 14f). This 
occurred importantly because of the increasing of rGO 
weight percentage. In addition pulverized debris iden-
tified that indicates the existence of abrasive wear (see 
Fig. 14e). Nevertheless, it can be proved that there is not 
a lot change noticed in wear mechanism at these test con-
ditions is primarily as a result of particles ablation of 
coated surface.

Fig. 13   Wear track morphology 
for coatings obtained from tung-
sten carbide–cobalt powders 
at different magnifications a, b 
coatings deposited with 0.5 wt% 
rGO, c, d coatings deposited 
with 1.0 wt.% rGO and e, f 
coatings deposited with 1.5 wt% 
rGO. Micrographs shown were 
for a normal load of 1.5 kgf, 
sliding speed of 0.17 m/s and 
sliding distance of 300 m
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The wear track morphology attained at load of 0.5 kgf 
and sliding speed of 0.5 m/s on the worn-out surface for the 
coatings resulting from 0.5, 1, and 1.5 wt% rGO addition 
is noticed in Fig. 15. It was observed that for these loading 
conditions, the wear tracks were not produced clearly and 
discontinuous, but the wear loss was maximum with slightly 
higher wear depth (see Fig. 15a). It can also notice that at 
loading condition of 0.5 kgf, the wear depth is increasing 
drastically (see Fig. 15b). In addition the coatings gained 
from 1.0 wt% rGO addition, tiny wear debris identified 
because of fluctuations in loading. It can be seen that pul-
verized regions and rGOs bridges are existed throughout 
the coating splats (see Fig. 15c, d). Nevertheless, it can be 
identified that the wear tracks are in smooth texture. From 
Fig. 15e, f, it can also be noted that the coatings performed 
from 1.5 wt% rGOs addition, at higher magnification wear 
track was extremely slight even and the rGO particles 
adhered on the wear track.

4 � Conclusions

The WC-25 wt% Co nanostructured coatings added with 
0.5, 1, and 1.5 wt% rGOs were obtained by HVOF spraying. 
The rGOs were present in the coatings even after spraying 
them at elevated temperatures. A major improvement was 
observed in the microhardness and surface roughness with 
rGOs reinforcement in the nanostructured coatings. Micro-
structural characteristics of the coatings were also changed, 
and the rGO bridges among the splats were observed in the 
coating’s microstructure. For 1.5 wt% rGO added coatings, 
the wear rate was extremely low and the rGO could not be 
taken out from the coatings. Later, the unpulled rGOs acted 
as protective layers and offered a low coefficient of friction. 
It was identified that the wear occurred in 0.5 wt% of rGOs 
and 1.0 wt% rGOs added coatings was mostly because of 
delimitation followed by pulverization specifically at 1.5 kgf 

Fig. 14   Wear track morphol-
ogy for tungsten carbide–cobalt 
coatings at different magnifica-
tions a, b coatings deposited 
with 0.5 wt% rGO, c, d coatings 
deposited with 1.0 wt% rGO 
and e, f coatings deposited with 
1.5 wt% rGO. Results shown 
were for a normal load of 1.0 
kgf, sliding speed of 0.33 m/s 
and sliding distance of 300 m
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load and 0.17 m/s sliding speed, while the sliding abrasive 
wear phenomenon was the most dominant primary wear 
mechanism in the case of 1.5 wt% rGOs added coatings. 
Hence, this study helps to reduce the wear rate effectively 
in various industrial applications especially, for nozzles, tur-
bine blades, automotive spare parts, etc.
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