J Therm Spray Tech (2023) 32:1260-1272
https://doi.org/10.1007/s11666-023-01556-8

q

Check for
updates

PEER REVIEWED

Influence of Reduced Graphene Oxide (rGO) on Plasma Sprayed

Nanostructured Coatings

Akella Srikanth! - Venkateshwarlu Bolleddu®

Submitted: 9 March 2022 /in revised form: 17 January 2023/ Accepted: 30 January 2023 /Published online: 27 February 2023

© ASM International 2023

Abstract The effect of the addition of reduced graphene
oxide (rGO) in atmospheric plasma-sprayed nanostructured
AlLO3-13wt.%TiO, and WC-25wt.%Co coatings was
studied by varying the percentage weight proportion of
rGO as 0.5, 1, and 1.5wt.%. The reason for adding rGO is
that some critical issues such as brittleness, cracking can
limit the applications of plasma sprayed coatings. Gra-
phene being one of the allotropes of carbon, it has attracted
great interest in recent times as a reinforcement for com-
posite coatings due to its exceptional strength. To over-
come the problems associated with plasma-sprayed
coatings, the addition of reduced graphene oxide (rGO) as
an additive is considered one of the best solutions to
improve the characteristics and properties of these coat-
ings. After the coatings were deposited and characterized,
it was observed that the percentage of porosity in the
coatings gradually decreases with increasing proportion of
rGO. In addition, it was also noticed that the presence of
rGO in the microstructure of the coatings increases the
resistance to crack propagation due to the formation of a
bridge between the bond coat and the top coat, thus
improving the fracture resistance of the coatings.
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Introduction

In the recent past, thermal barrier coatings (TBCs) have
received significant attention toward surface engineering
applications due to their duplex-type structure consisting of
metallic bond coats and ceramic top coats. The metallic
bond coat protects the substrate material from corrosive
and oxidative attacks, whereas the ceramic topcoat reduces
the temperature of substrates because of its lower thermal
conductivity and increases the lifetime of components (Ref
1, 2). Air plasma spraying (APS) is a well-known coatings
deposition technique on parts used for corrosion and wear
resistance applications (Ref 3, 4). Also, due to its superior
properties, APS is widely used for coatings deposition on
turbine blades, aircraft engines, plungers, nozzle pumps,
etc. (Ref 5-8). Al,O3 is the most significant and commonly
used anti-wear ceramic material that can be deposited using
the plasma spraying technique, but the drawback is that
pure Al,O; is having inadequate toughness. Adding a
proper volume of TiO, into Al,O; ceramics to make
Al,03-TiO, compounds enhances the toughness, bonding
strength, and compactness (Ref 9-12). Generally, Al,O5-13
wt.% TiO, can exhibit good hardness and toughness, and
hence it is used in many applications like boiler nozzles,
turbine blades, etc. (Ref 13-15). In thermally sprayed WC-
Co ceramic coatings, the hard tungsten-carbide (WC)
works as the wear-resistant material and the cobalt (Co)
acts as a binder to provide toughness for the coatings. Due
to these superior properties, thermally sprayed WC-Co
coatings are widely used in many engineering applications
where resistance to sliding, abrasion, erosion, and fretting
is required (Ref 16, 17).

However, APS-sprayed alumina ceramic coatings (95
Al,O3, 2 wt.% SiO, and 3 wt.% others) obtained at a spray
distance of 12 cm with a thickness of 100 pm acquire a
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greater microhardness (HVy3 = 1215 kg/mmz) and mini-
mum porosity of 4.1% with a minimum surface roughness
of 4.18 um (Ref 18). Lower and higher spray distances
other than 12 cm resulted in lower hardness, the high
porosity and the high coating roughness. It was reported
that longer spray distance increases the dwell time in the
plume and allows more heating/melting of powder particles
and thus produce most dense coatings. Also, this plasma
sprayed alumina coatings suffer from a few critical con-
cerns like brittleness, cracking, etc., that are limiting their
applications. This is happening, especially in ceramic
coatings due to the lack of protective layer formation that
controls the coefficient of friction during the abrasion (Ref
19-21). To overcome this problem, in recent times, the
coatings are reinforced with additives because of their
unique features like including high wear resistance, high
hardness, low friction coefficient, and good thermal sta-
bility, thus significantly improves the service life under
high-temperature working conditions (Ref 22). Reduced
graphene oxide (rGO) is one of the best additive alterna-
tives available.

Graphene is a formation of single-layer carbon atoms
possessing a 2D-hexagonal structure, and it has been
attracted widely in major industrial applications due to its
unique features like high specific surface area, thermal
stability, chemical resistance, and gases impermeability,
etc., (Ref 23-26). Also, graphene is the thinnest material,
and it can exhibit the highest thermal conductivity of
3000 Wm™' K" and electrical conductivity of
2.5 x 10° ecm? v g7t (Ref 27). Furthermore, it has
superior mechanical properties (1 TPa Young’s modulus
and 130 GPa intrinsic strength) (Ref 28). These properties
made graphene a potential material for coating applications
(Ref 23, 29). However, using graphene alone as the coating
is very difficult due to its single-layer formation, and it
cannot protect the surface completely.

Schriver et al. (Ref 30) investigated the characteristics
of graphene-reinforced Cu metal coatings deposited using
the chemical vapor deposition (CVD) process. It was found
that there were many defects on the surface due to oxida-
tion. On the contrary, it also accelerated the corrosion
process. A possible solution to prevent this kind of issue is
using graphene-based oxides (Ref 31-33). Because of
having multilayers, the graphene-based oxides are highly
impermeable to liquids, gases, and vapors (Ref 34, 35).
Therefore, the graphene and its oxides can be deposited as
coatings on the surfaces of metal substrates such as steel,
copper alloy, aluminum alloy, magnesium alloy, titanium,
nickel, (Ref 36, 37). A major difference between GO and
rGO structures is the specific surface area. GO shows rel-
atively a lower surface area (i.e., 890 m’g™") in compar-
ison to the rGO structure which almost restores the
extremely high surface area of pristine graphene

(~ 2600 ng_l). The mechanical strength of GO is also
found to be lower than the mechanical strength of the rGO
structure. Young’s modulus of GO is found to be almost
half of rGO and graphene. GO structures show hydrophilic
behavior, while rGO shows hydrophobic behavior due to
the loss of oxygen-containing compounds (Ref 38). Due to
these reasons, reduced graphene oxide (rGO) doped coat-
ings are widely used as an anti-friction and wear-resistant
material on Ti-based alloys in mechanical systems and
devices than graphene oxide. Also, a significant improve-
ment in the wear resistance had been noticed in coatings
added with rGO (Ref 39). The rGO is nothing but a purified
form of GO. It can be obtained by reducing oxygen-related
functional groups of graphene oxide through thermal or
chemical processing techniques. However, there were no
such studies have been carried out to investigate the
microstructural characteristics and mechanical properties
of the APS-sprayed nanostructured coatings reinforced
with rGO.

In this research work, Air plasma sprayed (APS)
nanostructured Al,03-13TiO, and WC-25wt.%Co coatings
reinforced with rGO are obtained and characterized to
investigate the powder morphology, coating microstruc-
ture, phases present in powder and coatings, porosity, and
bond strength of the coatings.

Experimental Procedure

Two types of nanostructured ceramic feedstock powders,
namely Al,O3-13 TiO, and WC-25 wt.%Co, were used to
obtain the air plasma sprayed coatings. In addition, the
nanostructured reduced graphene oxide (rGO) was added in
these powders in three different percentage proportions by
weight (i.e., 0.5, 1, and 1.5 wt.%) to study the effect of rGO
reinforcement on the microstructural characteristics and
mechanical properties of the obtained coatings. The
parameters used for the deposition of the APS sprayed
coatings are shown in Table 1.

Table 1 Parameters used for deposition of coatings

Parameter Range
Voltage 65-75 V
Current 430-480 A
Flow rate of primary gas (Ar) 100-115 1/min
Flow rate of carrier gas (H,) 10-13 I/min
Powder feed rate 50-60 g/min
Stand-off distance (SOD) 60-100 mm
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Sample Preparation and Coatings Deposition

The mild steel substrates (AISI  1020) of
100 x 100 x 6 mm were used for coatings deposition.
First, the substrates were ground using a surface grinder
(Alex NH 500) to remove the oxide layers and excess dirt
present on the surface of the substrates. About 0.1 um
surface roughness was maintained on the substrate surface
after grinding. Later, using alumina grits with an average
grit size of 28, the substrates were grit blasted at 140 psi air
pressure, and then substrate samples were ultrasonically
cleaned in an acetone bath for 25 min to remove the dust
and other unwanted foreign particles. Finally, the sub-
strates were preheated up to 200 °C before coatings
deposition.

The coatings were deposited in a reputed industry in
India: Spraymet Surface Technologies, Private Limited,
Bangalore, India. Sulzer Metco 3 MB plasma gun was
used for depositing coatings with argon as the primary
plasma gas and hydrogen as the secondary carrier gas.
Firstly, the bond coat of Ni-10 wt.%CrAlY was deposited
with a thickness ranging from 140 to 170 pum, and later the
top coatings of Al,05-13 TiO, and WC-25 wt.%Co were
deposited with an average thickness of about 250 pm. The
nanostructured powders of Al,03-13 TiO,, WC-25 Co, and
rGO were obtained from Nano Research Lab, Jamshedpur,
Jharkhand, India. It can be noted that the nanostructured
Al,O5-13 TiO, and WC-25 wt.%Co powders with an
average size of 20-45 um were mixed properly with rGO
having an average size of 35-50 pm using a ball milling
process (at 180 rpm for 1 h) in three different weight
percentage proportions of 0.5, 1, and 1.5 wt.%. It can be
noted that the tap densities of nanostructured Al,O5-13
TiO,, WC-25 wt.%Co, and rGO are 3.5, 3.9, and 1.91 g/
cm’, respectively.

Further, the cross-sectional specimens of size
10 x 5 x 6 mm were cut using a low-speed diamond saw
to investigate the characteristics of the obtained coatings.
For metallographic studies, the cross-sectional specimens
were hot-mounted using Bakelite powder. These hot-
mounted samples were polished with SiC abrasive sheets of
grades 220, 400, 600, 800, and 1000. Polishing was done
with each grade of an abrasive sheet for 10 min duration,
and later, the disk polishing was done for 15 min on all the
samples.

Characterization and Analysis

For microstructure analysis, the microstructure of the
coatings on the cross-sectional specimen was observed
using Zeiss Evo 18 scanning electron microscope (SEM).
For each variant of coatings, seven images at various
magnifications were taken. X-ray diffraction (XRD) studies

@ Springer

were performed on PAN analytical X* pert PRO (PW1070)
x-ray diffractometer with radiation of CuKa with 40 kV
operating voltage, 40 mA current, step time of 0.14 s, and
scanning step of 0.0172°, and the phases were analyzed
from the obtained XRD data. The percentage porosity of
the coatings was estimated using several SEM micrographs
that were captured. Also, the image analysis software
Image J was used to adjust the contrast variation between
the voids and other features in the coating microstructure.
The bond strength tests were conducted as per ASTM
C633 standards at Virtue meta-sol, Private Limited,
Hyderabad, India. The cylindrical test pieces with a
diameter of 25.4 mm and a height of 38.1 mm were pre-
pared to examine the bond strength of the coatings. The
coated cylindrical face of the substrate was attached with a
dummy (uncoated) cylinder using ultra-bond epoxy glue.
The dummy samples were placed on top of the epoxy glue
in an inverted position. Thermal curing was performed at
the temperature of 205 £ 2 °C for 4 hs after epoxy gluing.
After curing, coupling of the coated and dummy epoxy
cylinders was started using the Instron 5969 model uni-
versal testing machine (UTM) with a capacity of 50 kN.

Results and Discussion
Powder Morphologies and Phase Analysis

The powder morphologies of nanostructured Al,O3-13
TiO, and WC-25 wt.%Co powders were investigated
through SEM analysis without and with reduced graphene
oxide (rGO) addition in three different weight percentage
proportions: 0.5, 1, and 1.5 wt.%. Since the rGO was mixed
properly with the ball milling process, the uniform distri-
bution of rGO has been noticed throughout the powders in
the corresponding SEM micrographs.

Powders Morphology before Adding rGO

The morphology of nanostructured Al,O5-13 wt.%TiO,
feedstock powder before adding the rGO is shown in
Fig. 1(a). It is shown in Fig. 1(a) that Alumina-Titania
powder particles have a regular and nearly spherical shape
with nonuniform particle size. Also, the powder particles
seem to have few pores as these powders are prepared by
spray drying and sintering techniques. The porous nature of
agglomerated powders results in lower thermal diffusivities
and is expected to partially melt some of the powder par-
ticles. It may be noted that nanostructured agglomerated
Al,03-13 wt%TiO, powders have a tap density of 1.4 g/
cm® (information on tap density for nanostructured pow-
ders is provided by the manufacturer). Scanning electron
microscopy (SEM) image for nanostructured tungsten
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Fig. 1 Powder morphology of nanostructured (a) Al,O3-13wt.%TiO,, (b) WC-25% Co, (c) rGO, (d) Al,05-13wt.%TiO, mixed with 1.5% rGO,

(e) WC-25% Co mixed with 1.5% rGO

carbide-cobalt feedstock powder morphology without
adding the rGO is shown in Fig. 1(b). It can be observed
that these powder particles are hollow and have regular,
spherical shape morphology with almost uniform particle
size. However, these powder particles seem to be more
porous than nanostructured Al,03-13 wt.%TiO, powder
particles (See Fig. 1b). It can be noted that, during air
plasma spraying, the porous and hollow nature of nanos-
tructured powders is expected to result in more decompo-
sition at a higher temperature of spraying and dissolution of
the WC phase, making the corresponding coatings less
tough.

The morphology of rGO powder particles is shown in
Fig. 1(c). It can be observed in Fig. 1(c) that rGO powder

particles have a honeycomb microstructure that increases
the bond strength and reduces friction. The folded-type
structure of rGO is shown in Fig. 1(c). In addition, the
folded structure is happening in rGO due to oxygen func-
tional-related groups (Ref 40). Further, an extra folded and
wrinkled structure can be observed in rGO when it is well-
built and become tougher (Ref 41).

Powders Morphology after Adding rGO
The morphology of nanostructured Al,O5-13 wt.%TiO,
and WC-25 wt.%Co feedstock powders after mixing with

rGO are examined thoroughly using SEM, and corre-
sponding images are shown in Fig. 1. It is shown in
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Fig. 1(d) that after adding the rGO powder, the spherical-
shaped alumina-titania powder particles have become more
agglomerated. It is considered that the agglomeration of
spherical shape powders could minimize inter-particle
resistance and reduce nozzle clogging, which is essential
for achieving high-density and uniform coatings (Ref
42, 43). Also, it has been noticed that these agglomerated
powders result in an enhanced flow of powders during the
deposition of coatings (Ref 44). Similarly, the morphology
of nanostructured WC-25wt.%Co powder after adding the
rGO is shown in Fig. 1(e). Furthermore, it is shown in
Fig. 1(e) that the rGO has been mixed with tungsten car-
bide powder particles uniformly. The Laplace equation
explains this uniform mixing of rGO with Al,05-13TiO,
and WC-25wt.%Co feedstock powders, which derives that
while reducing the radius of nano-sized particles, it will
become unstable and distributed over these feedstock
powders uniformly (Ref 45). Thus, this uniform mixing
results in lower porosity of powder (Ref 46).

Phase Analysis of Powder

The phases present in the composition of nanostructured
alumina-titania and tungsten carbide-cobalt feedstock
powders are determined using the x-ray diffraction (XRD)
analysis, and the corresponding XRD patterns are shown in
Fig. 2. It is shown in Fig. 2(a) that nanostructured Al,O3-
13wt.%TiO, powder has a-alumina and anatase titania as
the major phases in it. However, after adding the rGO, the
presence of a new graphite phase with less intensity has
also been found (See Fig. 2b). The a-alumina phase present
in the powder provides high-temperature resistance, and
also, the tetragonal crystal structure of anatase-titania gives

additional strength to a-alumina (Ref 47-49). Peak broad-
ening can be noticed in o- alumina and anatase titania
phases signifying the presence of micro-stresses, varying
from point to point in both phases. Similarly, the x-ray
diffraction (XRD) patterns for nanostructured tungsten
carbide-cobalt feedstock powders are shown in Fig. 2. It is
shown in Fig. 2(c) that only WC and Co crystalline phases
are present as the major phases in nanostructured
agglomerated tungsten carbide-cobalt powders. It is also
observed that the cobalt phase has a lower intensity than
the WC phases, and it is attributed to the lower percentage
proportion in the powder composition. However, after
adding the rGO, a different graphite phase is also observed,
as shown in Fig. 2(d).

Coatings Microstructure and Phase Distribution
AL O3-13wt.%TiO, Coatings

The cross-sectional SEM micrographs of nanostructured
Al,O3-13wt.%TiO, coating are shown in Fig. 3. In
Fig. 3(a), the typical architecture of plasma sprayed coat-
ing having topcoat, bond coat, and substrate is shown. In
Fig. 3(b) the top coating microstructure without rGO
addition represents the partially melted (PM) and fully
melted (FM) regions. The partially melted regions and the
fully melted regions form the bi-modal microstructure that
can control the cracks propagation, particularly at the
interfaces in the nanostructured coatings (Ref 6, 50, 51).
The cross-sectional view of 1.5wt.% rGO added Al,Os-
13wt.%TiO, coating is shown in Fig. 3(c). The
microstructure of the top coating with rGO addition is
shown in Fig. 3. From Fig. 3(d), it can also be observed

Fig. 2 Phase analysis of

(a) Al,05-13wt.%TiO, powder
without rGO, (b) Al,O5-
13wt.%TiO, powder with
1.5wt.% rGO, (c) WC-
25wt.%Co powder without rGO,
(b) WC-25wt.%Co powder with
1.5wt.% rGO

Normalized intensity

CuKua radiation

\J Y : a- Alumina; ¢ : Anatase titania
a: WC; v : Co; A : Graphite
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Fig. 3 Coating microstructure
of Al,03-13wt.%TiO,

(a) without rGO addition two
layers of coating, (b) without
rGO addition top coating, > ok
(c) with 1.5wt.% rGO addition sl S
two layers of coating (a) top
coating with 0.5wt.% rGO,
(b) top coating with 1.0wt.%
rGO, (c) top coating with
1.5wt.% rGO

Bond coat

Substrate

4

%

K I ouf &
orain wr:

that the coating microstructure has fully melted (FM) and
partially melted (PM) regions in its microstructure. It is
shown in Fig. 3(e) that there are some pores in the
microstructure of the 0.5wt.% rGO added coatings, and the
rGOs act as a bridge between the cracks. It is believed that
as the rGO is having larger surface area than CNT (Carbon
nanotube), rGOs crack bridging is more efficient in
delaying the crack propagation. Crack initiation through
the rGO bridge requires more energy, which indicates an
increase in the fracture toughness of the coatings. Fig-
ure 3(e) shows the rGO pullout that requires the dissipation
of more fracture energy as it is having a higher interfacial
area on the external force application. Therefore, the
toughness increases automatically which can delay the
fracture in the coatings. Figure 3(e) also displays the grain
wrapping by rGO that can oppose the crack initiation
efficiently by holding the grains jointly in the partially

Fop coat

b PM region

/

X/

14

FMregion

100pm

melted regions (PM regions) and re-solidified areas (Ref
52). Further, it is evident from Fig. 3(f) that there is rGO
bending between the splats and sliding on the splats due to
its lubricant nature.

The XRD patterns of nanostructured Al,O3-13wt.%TiO,
coatings with and without the addition of rGO are shown in
Fig. 4. It is shown in Fig. 4(a) that alumina is present in the
form of a-alumina and y-alumina, whereas titania is pre-
sent in the form of rutile and magneli phases in the
microstructure of coatings. It can also be observed that the
anatase titania phase present in the powder has disappeared
completely and converted into rutile and magneli phases in
the microstructure of coatings (Ref 53). The rutile titania
phase is a more stable form of TiO, at all temperatures than
the anatase titania phase. The magneli phase of titania has
occurred at high temperatures due to the reduction in
titania. Also, some of a-alumina has been transformed into
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a) v CuKa radiation
Y : 0 - Alumina; p : ¥ - Alumina

© : Rutile phase; @ : Magneli phase
A : Graphite

Normalized intensity

T
20 40 60 80
20 (degrees)

Fig. 4 Phase analysis of Al,03-13wt.%TiO, coatings: (a) without
rGO, (b) with 1.5wt.% rGO

v-alumina after the deposition of coating (Ref 54, 55). It
can also be observed that the graphite phase present in the
powder form is still retained even after the coating depo-
sition (See Fig. 4b).

WC-25wt.%Co Coatings

The cross-sectional SEM images showing the microstructure
of nanostructured WC-25wt.%Co coatings are shown in
Fig. 5. It shows the typical coating architecture with WC-
25wt.%Co topcoat microstructure and the presence of bond
coat on the substrate. Figure 5(d) shows the microstructure
of 0.5wt.% rGO mixed WC-25wt.%Co coatings. The fully
melted (FM) and partially melted (PM) regions that form the
bimodal microstructure are observed in the coating
microstructure, as shown in Fig. 5(d). This bi-modal
microstructure of coatings controls the crack propagation at
the coating interfaces. The presence of a few pores in the
coating microstructure is also observed. Figure 5(e) shows
the microstructure of 1.0 wt.% rGO mixed WC-25wt.%Co
coatings. It is observed that the rGO has been formed as the
glue at the splat interfaces and resists crack propagation (Ref
56). Also, Fig. 5(e) shows that the rGO is embedded and
glued into the WC-25wt.%Co splats. This scenario occurred
at the time of the air plasma spraying (layer-by-layer depo-
sition) process. The splat gluing in between rGO and WC-
25wt.%Co particles has a high bonding force, which grad-
ually enhances the fracture toughness. The same observation
of graphene nanoparticles splat gluing with alumina coatings
in plasma sprayed coatings was identified by Mukherjee
et al. (Ref 56). Figure 5(e) shows the rGO bending between
the splats and it occurred mainly due to the high-velocity
collision of powder particles during plasma spraying. Both
rGO sliding and bending follow the mechanism of energy
dissipation which requires more energy for crack initiation.
The same behavior is reported by Neito et al. (Ref 57), and it
was observed that the increased fracture toughness of
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coatings is due to both graphene nanoparticles sliding and
bending (Ref 57).

Figure 5(f) shows the microstructure of 1.5 wt.% rGO
mixed WC-25wt.%Co coatings. It can be observed that
there is rGO pullout and grain wrapping that increase the
toughness of coating (Ref 58). Further, the sliding phe-
nomenon between the splats is observed due to the colli-
sion of particles to the substrate with high velocity at the
time of plasma spraying that increases the toughness of the
coating [see Fig. 5(f)] (Ref 57).

The phases present in the microstructure of WC-
25wt.%Co coatings obtained without and with the addition
of rGO are shown in Fig. 6. It is observed that the coatings
obtained without the addition of rGO consist of tungsten
carbide (WC), Cobalt (Co), and semi-tungsten carbide
(W,C) phases as the major phases in its microstructure (see
Fig. 6a). Compared to the phases present in the feedstock
powder, an additional phase of semi-tungsten carbide
(W5C) is also observed in the coating microstructure. This
W,C phase is formed due to decarburization at a higher
temperature during thermal spraying. However, the
remaining phases WC and Co, are also retained in the
coating microstructure. Further, in rGO-added WC-
25wt.%Co coatings, the graphite phase is observed along
with the phases mentioned above [see Fig. 6b].

Porosity

The porosity of the APS coatings obtained with and without
rGO addition is evaluated using multiple micrographs of
coatings microstructure, and the corresponding bar graphs
are shown in Fig. 7(a) and (b). It is observed from
Fig. 7(a) and (b) that in both the coatings of Al;03-13TiO,
and WC-25wt.%Co, the porosity is changing with variation
in the percentage proportion of rGO. It is observed from
Fig. 7(a) that the Al,O5-13wt.%TiO, coatings obtained
without rGO addition have the highest porosity of
9.1 £ 0.1%, But, Al,O5-13wt.%TiO, coatings obtained
with 1.5wt.% rGO addition show minimum percentage
porosity of 6.5 £ 0.2%. Similarly, it is observed from
Fig. 7(b) that the WC-25wt.%Co coatings obtained without
rGO addition have the highest porosity of 7.4 £+ 0.2%.
However, WC-25wt.%Co coatings obtained with 1.5wt.%
rGO addition shows minimum percentage porosity of
5.8 £ 0.2. It has been observed from Fig. 7(a) and (b) that
the coatings obtained with 1.5wt.% rGO addition have the
lowest percentage of porosity. It can also be seen that the
percentage of porosity has been decreasing gradually with an
increasing percentage of rGO addition. This phenomenon is
attributed to the filling of rGO in the micropores present in
the coating microstructure (Ref 7).

It can be seen that the percentage porosity is decreasing
gradually with an increasing percentage of rGO addition in
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Fig. 5 Coating microstructure
of WC-25wt.%Co (a) without
rGO addition two layers of
coating, (b) without rGO
addition top coating, (c) with
1.5wt.% rGO addition two
layers of coating (a) top coating
with 0.5wt.% rGO, (b) top
coating with 1.0wt.% rGO,
(c) top coating with 1.5wt.%
rGO

Sub_sfrate

rGO bending
between, splats—

@) o CuKa radiation
a:WC
v:Co
Q : Semi tungsten carbide (W,C)|
A : Graphite

Normalized intensity

20 (degrees)

Fig. 6 Phase analysis of WC-25wt.%Co coatings: (a) without rGO,
(b) with 1.5wt.% rGO

Pore

FM region

200 i)

both Al,03-13TiO, and WC-25wt.%Co coatings. The
reduction in porosity of rGO-added coatings could be
because of two reasons. Firstly, the inter-splat region is the
main source of porosity which can be easily filled by rGO
particles. Secondly, the rGO particles are having higher
thermal conductivity as compared to the Al,05-13TiO, and
WC-25wt.%Co powders. (Ref 59, 60). At the time of
coatings deposition, the powders are melted easily due to
higher thermal conductivity, and hence well distributed
dense coatings are obtained. As a result of this, a lower
percentage of porosity is obtained in the APS sprayed
coatings. Also, it can be noted that a minor decrease in the
porosity level could have a significant impact on various
properties of the coatings such as mechanical properties
and crystalline nature (Ref 58).
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Fig. 7 Porosity variation of: (a)Al,05-13wt.%TiO, coatings, (b) WC-25wt.%Co coatings as a function of rGO percentage

Bond Strength

The coating strength has also been evaluated in the bond
strength tests. The fractured surfaces of Al,03-13wt.%TiO,
coated samples are shown in Fig. 8(a), and it can be
observed that the coating failure that occurred during the
bond test is cohesion failure resulting from the inter-splat
failure. The bond strength tests show that the highest bond
strength of coating mainly depends on the coating rough-
ness and the load applied on the coating (Ref [61]).

The increase in the percentage proportion of rGO is
enhancing the bond strength of Al,03-13TiO, and WC-
25wt.%Co coatings gradually. When the bonding strength
increases gradually, corresponding residual stresses
decreases. The increase in the bonding strength in Al,O3-
13TiO, and WC-25wt.%Co coatings is due to the accu-
mulation of less amount of residual stresses that usually
develop during the coatings deposition process due to the
solidification and spreading of molten particles (Ref
62, 63).

The bond strength variation of coatings as a function of
rGO addition is shown in Fig. 8(b) and (c). It is observed that
the bond strength of APS sprayed Al,05-13TiO, and WC-
25wt.%Co coatings obtained without adding the rGO is the
lowest as compared to the coatings obtained with rGO
addition, and its magnitude is obtained as 36.65 &+ 0.8 MPa
and 41.71 £ 0.96 MPa, respectively. However, the Al,O3-
13Ti0O, and WC-25wt.%Co coatings obtained with 1.5wt.%
rGO addition have shown a maximum bond strength of
42.86 £ 0.54 and 47.92 £ 0.83 MPa, respectively (see
Fig. 8b and c). Thus, it can be observed that increasing the

@ Springer

percentage proportion of rGO is enhancing the bond strength
of coatings gradually.

Conclusions

The rGO mixed air plasma-sprayed Al,O3-13TiO, and
WC-25wt.%Co coatings were obtained and characterized
to investigate the powder morphology, coating
microstructure, phase analysis, percentage porosity, and
bond strength of the coatings. In this work, rGO was added
to the feedstock powders in the weight percentage pro-
portions of 0.5, 1, and 1.5. Based on the results obtained
from the experimental investigation, the following con-
clusions can be drawn.

(1) The wedge-shaped Al,O5-13wt.%TiO, and spheri-
cal-shaped WC-25Co nanostructured powders have
turned less porous after adding the rGO.

(2) The XRD analysis of nanostructured Al,Os-
13wt.%TiO, powder exhibits o-Alumina and anatase
titania phases as the major phases present. But WC-
25wt.%Co powder exhibits tungsten carbide (WC)
and cobalt (Co) as the major phases. In addition,
after adding rGO to these powders, a different phase
of graphite was also observed.

(3) The nanostructured coatings exhibited bi-modal
microstructure consisting of fully melted (FM)
regions and partially melted (PM) regions that can
reduce the cracks propagation in the coatings and
enhances their fracture toughness.
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The presence of rGO in the microstructure of
coatings has been increasing the crack propagation
resistance by forming a bridge between the bond
coat and topcoat. Also, rGO exhibits the sliding
nature between splats due to its lubricant nature, and
thus reduces the top coat friction.

The percentage porosity of both Al,O3-13TiO, and
WC-25wt.%Co nanostructured coatings has been

Q)

reduced with the increasing percentage of rGO due
to lessening of the pores and smoothening of the
surface.

The bond strength of coatings showed that the
addition of rGO made the coatings more resistant to
crack formation and crack propagation by forming
the bridges between the cracks and wrapping on the
splats to enhance the performance of the coatings.
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