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Abstract

This study reports the high-temperature erosion behaviour of plasma-sprayed 35% (WC—-Co0)/65% (Cr;C,—NiCr) coating
on MDN-420 alloy. Plasma spray coatings have always played a pivotal role in enabling industries to combat problems of
premature degradation of components that operate in harsh environments. (WC-Co) + (Cr;C,—NiCr) coating is investigated
for erosion under various laboratory-simulated conditions. Coating surface is characterized by using an optical microscope,
scanning electron microscope (SEM), and X-ray diffraction (XRD). Porosity, microhardness, surface roughness, and adhe-
sion strength of the coating are measured. The solid particle erosion test is conducted at the temperatures of 300 °C, 500 °C
and 700 °C with the impact angles of 30° and 90° by using Al,O; as an erodent in the hot air jet erosion testing machine.
The optical profilometer is used to evaluate the erosion volume loss of the coated and uncoated samples. It is observed that
erosion resistance of the substrate is found to be higher than the coating at the different test temperatures. As the temperature
increases, the erosion resistance of the coating is also increased at all the temperatures for both impact angles of 30° and 90°.

The eroded coating surface morphology reveals that the generalized behaviour of the coating is ductile in nature.

Keywords MDN-420 alloy - Plasma spray - (WC-Co)/Cr;C,—NiCr - Metal matrix composite - Erosion

1 Introduction

Erosion is recognized as one of the serious problems in the
coal-based thermal power plants in our country. The coal
which is used in these power plants has the large amount
of ash which consisting of hard quartz [1], which is main
variable for the erosion to occur. The solid particle erosion
is one of the important material degradation mechanisms
which also occurs in high-temperature environments like
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jet engine parts, steam, gas turbines coal pipe lines and off-
shore oil. Thermal power plants are one of the most highly
corroded and eroded component sectors, resulting in large
losses [2—4]. To prevent material deterioration, a number
of strategies or techniques have been widely used. Thermal
spraying technique is one of the most challenging approach
that has attracted a lot of attention due its adaptability in
spraying any form of powder to any type of substrate, pre-
venting material degradation [5]. The different types of
coating techniques are available such as flame spray, high
velocity oxy fuel, cold spraying, detonation gun, plasma
spray etc. [6]. Due to its ease of use, high deposition speeds,
low substrate temperature and economic viability, plasma
spraying is regarded as the most efficient and cost-effective
technique for preparing coatings for high-temperature appli-
cations. The coating material is inserted as powder into a
high-temperature plasma jet in the plasma-spraying pro-
cess. The particle will melt and speed up as it reaches the
substrate [7]. When the molten particle is pressed or flat-
tened and quenched on the substrate during impact, Splat
borders, layered microstructure, pores and micro-cracks
are created [8]. The plasma-spraying method provides the
coating with thickness of few to hundreds of micrometres
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with good-quality adherent coating [9]. The (WC-Co)/
Cr;C,—-NiCr coatings are mainly designed for erosion and
corrosion resistance at elevated temperatures or at a room
temperature in aggressive wear and corrosive environments
[10]. The reinforced hard phases like Cr;C,, Cr,05, WC,
TiC, TiO, TiN, and CeO, [10] will greatly boost the erosion
resistance of these coatings. (WC—Co) 4+ (Cr;C,—NiCr) coat-
ing is an excellent replacement to the hard oxide Cr,O;. This
cermet coating consists of WC or Cr C particles embedded
in a metal binder, which can be a pure metal or a mixture
consisting of Ni, Cr and Co. WC—Co and CrC-NiCr systems
constitute two main carbide materials used in the plasma
spray processes in order to improve the wear or erosion
resistance and decrease the friction coefficient between vari-
ous sliding components. Hence, (WC-Co) + (Cr;C,—NiCr)
coatings are widely used in high-temperature wear resistance
applications in aggressive environments such as oil and gas,
aerospace and power generating industries [11-13]. Further-
more, the understanding of the mechanism of (WC—Co)/
Cr;C,—NiCr coating in the erosion behaviour is one of the
most challenging and interesting tasks.

In the present investigation, the atmospheric spray process
is used to deposit the 35% (WC—Co) + 65% (Cr;C,—NiCr)
coating on special steel alloy MDN-420 alloy. Erosive
behaviour of the coated and uncoated samples is investi-
gated at the temperatures of 300 °C, 500 °C and 700 °C
with impact angles of 30° and 90° in the hot air jet erosion
testing machine. The alumina (Al,O;) is used as an erodent.
To evaluate the erosion loss of the coating and substrate,
weight and volume loss approaches are used. The advanced
characterization techniques like SEM and XRD are carried
out to investigate the erosion mechanism and behaviour of
the coating. In this study, the special steel alloy (MDN-420)
is used as the substrate due its excellent oxidation, corrosion
and erosion resistance. (WC—Co)/Cr;C,—NiCr coating was
developed specifically for the purpose of its excellent corro-
sion, erosion resistance and also having the high hardness,
high melting point and strength unto a maximum operating
temperature of 900 °C.

2 Experimental Procedure

2.1 Substrate Materials and Development
of Coating

MDN-420 alloy is procured from the MDNL, Hyderabad.
The specimens were cut with the dimensions of

25%25x5 mm from the alloy sheet by using laser tech-
nology. The commercially available (WC—-Co)/Cr;C,—NiCr
powder is used to coat on special steel alloy MDN-420 alloy
and chemical composition of the coated surface is analysed
using Optical Emission Spectroscopy and is tabulated in
Table 1. (WC—Co) 4+ (Cr;C,—NiCr) coating provides possible
protective scale, with erosion resistance for long-term stabil-
ity and also resistance of cracking, mechanical or thermal
stresses induced during the operation of the component. This
(WC—-Co) + (Cr;C,-NiCr) coating is an appropriate, which
is suitably designed for erosion resistance, which would be
an optimum solution (WC—-Co) + (Cr;C,—NiCr) coating is an
excellent replacement to the hard oxide Cr,0;. A feedstock
powder particle exhibits the spherical shape morphology,
which provides excellent stability and fluidity during spray-
ing. The standard particle size distribution is found to be
-45+ 15 pm with the mass fraction of 35% (WC-Co) +65%
(Cr;,C,—NiCr).

2.2 Coating Formulation and Characterization

Plasma spray process (M/s SSTPL, Bangalore, India) of
METCO USA 3 MB machine system is used to deposit the
35% (WC—-Co) + 65% (Cr;C,-NiCr) powder on the MDN-
420 alloy. Before coating, the substrate is finely grit blasted
by using the Al,O; powder of 125-150 um size to promote
the better quality and adhesion between the coating and
substrate. The powder is supplied by a feeder during the
plasma-spraying process, which is mixed with the argon gas
flowing through the compressor at the selected pressure. The
mixture is attracted to the plasma stream, where it melts
and is deposited on the substrate. The coating is deposited
at a rate of 10-15 m per pass, with the 40-50% efficiency.
The produced coating's thickness is measured by scanning
electron microscopy analysis. The micrograph of the coating
thickness and EDS is shown in Fig. 1. The coating porosity
is measured by using the optical microscope supported with
the (ARTRAY, AT 130, and JAPAN). The coating phases
are examined and investigated using the (DX, GE-2P, JEOL,
JAPAN) XRD (X-ray diffractometer). The details of the
plasma spray parameters are summarized in Table 2.
Maximum coating porosity value is calculated by using
image analysis software (Biovis image analyser, ARTRAY,
AT, 130 Japan). As per the ASTM C-633-13 standards, the
bond strength of the coating is measured by carrying out the
pull-off test. The coated sample is glued with the counter
block by using the EC-1386 Epoxy Adhesive (3M-Scotch
weld). The alignment is cured in the silicon carbide furnace

Table 1 Chemical compositions
of MDN-420 alloy

Element C

Mn Si S P Cr Ni Mo Fe

Weight percentage (%) 0.19

0.71 0.47

0.003 0.017 13.79 0.50 0.03 Bal
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Fig.1 SEM images of a mor-
phology of (WC-Co) + (Cr;C,—
NiCr) powder, b magnified
image

Table 2 Plasma spray-coating process parameters

Pressure of H, gas 0.35 Mpa
Pressure of Ar gas 0.6-0.7 Mpa
Flow rate of H, gas 5-7 I/min
Flow rate of Ar gas 40 /min
Electricity 1350 A
Potential difference 60-70 V
feed rate (power) 50-60 g/min
SOD 100-125 mm

at the temperature of 150-175 °C for about 2 to 3 h. After
curing, the UTM system (M/s SHTM, AG-X Plus, Japan) is
used to perform a pull-off test at a strain rate of 0.5 mm/min.

2.3 Erosion Studies

Schematic representation of the air jet erosion tester is
shown in Fig. 2. The erosion studies on solid particles were
investigated as per the ASTM G76-13 standard by using
air jet erosion tester (DIPVL, TR-471-800, and Bangalore,
India). The alumina powder is used to conduct the erosion
test on uncoated and coated samples. The mixed chamber
unit is fed with the Al,O; erodent with a feed rate of 2 g/
min, get mix up with the hot air impinges on to the substrate
with a velocity of 30 m/s. By modifying the sample holder's
direction, the impact angle for the specimen can be changed.

Owte 20 1 2016
Teve 163015

Conveyor belt system
for sand flow

Mass flow

% «— Airflow

Mixing
chamber
Nozzle

«— Nozzlesystem

Sample holder
Sample holder

Erodentsand collector

Fig.2 Schematic representation of air jet erosion tester

Figure 3 represents the morphology of alumina erodent, and
Table 3 represents the parameters pertaining to solid particle
erosion test.

Test samples are washed in acetone and weighed on a
weighing scale with a 0.0001 mg resolution. The experi-
ments were carried out by affixing the specimen to the speci-
men holder for 10 min with Alumina (Al,O5). The sample
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Fig.3 SEM images of a mor-
phology of alumina (Al,O5)
erodent and b EDS analysis

Table 3 Erosion test parameters

Erodent material Alumina (AL,03)
Average size 50 um

Particle velocity 30 mts/s

Erodent feed rate 2 g/min

T time 10 min

D diameter of nozzle 1.5 mm
Standoff distance 10 mm

was weighing to determine the weight loss and repeat same
procedure for 5 cycles. The erosion tests were conducted
for three different temperatures of 300 °C, 500 °C and 700
°C and impact angles of 30° and 90°. The mass loss/ero-
dent particle loss ratio is used to measure the erosion rate.
The profilometer (Zeta instruments, 20, USA) is used to
assess the volume loss of samples that have been exposed
to erosion.

3 Results and Discussion
3.1 XRD Analysis

X-ray diffraction patterns of eroded samples at the different
temperatures of 300 °C, 500 °C and 700 °C are shown in
Fig. 4. The pattern looks slightly different at all the tempera-
tures in Fig. 4. The WC—-Co) + (Cr;C,—NiCr)-coated sam-
ple at the temperature of 300 °C depicts the W,C, Cr,;Cq,
NiWO, and NiCr,0, phases as the major peaks, while Cr;C,

@ Springer
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and Cr,0O;phases as minor peaks. At the temperature of
500 °C, the W,C, Cr,;Cy and NiWO, phases are identified
as the major peaks and Cr;C,, Cr,05 and NiCr,O, as minor
peaks. Similarly, at the temperature of 700 °C, the W,C,
Cr,05 and NiWO, are the major peaks and Cr;C,, CryCqy
and NiCr,0, are the minor peaks. The decarburization of
WC occurs during the plasma spray-coating process due to
the higher temperatures, and it greatly transforms into the
step of W,C. Due to the mechanism of oxidation, the phases
like W,C, NiCr,0, NiWO, Cr,0; Cr;C, and Cr,;Cq are
observed at higher temperature of 700 °C. The oxides which
are formed at higher temperature of 700 °C, improve erosion
resistance of the coating, by forming a protective layer at the
top surface of the coating.

3.2 Coating Structure and Property Analysis

Coating porosity value of (WC—Co) 4+ (Cr;C,—NiCr) is found
to be the range of 2.5-3.5%. The average thickness value
of coating is in the vicinity of 250 pm, composition on the
coated surface shown in Fig. 5a, b and surface roughness of
the coating is found to be 11.854 R, The measured value of
(WC—-Co) + (Cr3C,—NiCr) coating's bond strength was found
to be 16 MPa, and images of the coated samples after spalla-
tion during bond strength test are shown in Fig. 5c.
Average microhardness of the 35% (WC-Co) + 65%
(Cr3C,-NiCr) coating is found to be 538 HV. It is evident
from Fig. 6 which shows that the value of the microhardness
is found to be varied due to in homogeneity in the coating
structure and increasingly throughout. This may be due to
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Fig.4 X-ray of (WC-

Co) + (Cr;C,—NiCr) coating SWiC
at different temperatures of
300 °C, 500 °C and 700 °C
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(WC-Co) + (CriC2-NiCr) coating at 700°C

Fig.5 Micrographs of a (WC-
Co) 4+ (Cr;C,-NiCr) coating, b
coated samples before spallation
during bond strength test, ¢
coated samples after spalla-

tion during bond strength test
samples after spallation during
bond strength test

peening stress which is found at the grit blasting operation
during the substrate preparation [14, 15].

3.3 Erosion Mechanism

Figure 7 shows the images of the erosion scars produced
on MDN-420 alloy sample with 30° and 90° impact angles
at the temperature of 700 °C. The scar which is eroded at
the centre position represents a localized region of material
removal which is indicated by “A” and surrounding zone
which is elastically loaded is represented by “B”. The bar

T T T
I I I

40 60 80 1(')0
Diffraction (20)

W-41.66 %
Co-4.48%

Ni-17.95 %
Cr-52.81 %
0-9.06%

chart indicates the volumetric erosion rate of the coating
and the substrate as shown in Fig. 7(I). At 90° impinge-
ment, the volume erosion rate of the uncoated MDN-420
alloy is higher than at 30° for 300 °C temperature, which is
standard behaviour of brittle materials where the material
removal occurs predominantly by the chipping and cracking
mechanism as shown in Fig. 7(I) and (IT) [16]. Similarly,
it is been observed from the bar chart that for 500 °C, the
impingement at 90° is quite higher than that of 30°, indicat-
ing the brittle behaviour. At the 700 °C temperature, the
impingement at 30° is higher than that 90° indicating the
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ductile behaviour, it is clear from the above discussion that
as the temperature increases form 300 °C to 700 °C,, the
erosion process switches from being purely brittle to being
moderately ductile [17].

Figure 8a and b reveals the surface morphology of the
MDN-420 steel surface eroded at 700 °C with impact angle
of 30°. From the micrographs Fig. 8a, it is clear from the
material; the lips and grooves are formed with severe plas-
tic deformation. As the same feature is explained by the
author Ramesh et al., such ductile extrusion of the mate-
rial may have predominantly occurred in the softer nickel-
based metallic binder matrix [18]. From the micrograph
Fig. 8b, it can be observed that large ploughs are formed
with the length of few micrometres with subsequent fracture
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by the impacting particles. Even the small ploughs are also
observed. Figure 8c and d reveals the surface morphology
of the MDN-420 steel surface eroded at 700 °C with impact
angle of 90°. From the micrograph, Fig. 8c shows evidence
of the Al,Oj; particles embedded on the groove surface,
which is formed due to the mechanism of erosion [19]. In
Fig. 8d, the larger ploughs and the small craters can be seen
due to the subsequent impacts of the alumina erodent on the
surface, indicating the common feature of ductile erosion
mode.

Figure 9 shows the images of the erosion scars produced
on (WC—Co) + (Cr;C,-NiCr)-coating sample with 30° and
90° impact angle at the temperature of 700 °C. The scar
which is eroded at the centre position represents a localized
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30° impact angle 90° impact angle

Fig.8 SEM images showing the erosion surface morphology of MDN-420 alloy at 700 °C with impact angles of 30° and 90° a and b images
showing the eroded surface at 30° impact angle. ¢ and d images showing the eroded surface at 90° impact angle

Fig.9 Erosion rate of (WC—
Co)+(Cr3C,-NiCr) coating WC-Co + Cr,C,-NiCr Coating
impacted by alumina erodent 0.0024 -
at 700 °C (I) Steady-state
volume erosion rate for 30° and
90 © impact angles at 300 °C,
500 °C, and 700 °C, Images

of the erosion scars at 700 °C
(IT) 30° impact angle (IIT) 90°
impact angle

0.0020 A

0.0016

0.0012

Steady state volume erosion rate (cm®g)

0.0008
0.0004
0.0000 :
500°C
Temperature’C
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region of material removal which is indicated by “A “and
surrounding zone which is elastically loaded is represented
by “B”. The brittle behaviour of the coating [20] for the
temperature 300 °C is observed from the bar chart. It is
clearly indicating that, volume erosion rate for the coating
is higher at 90° when compared with 30° of impingement
angle. For the temperature 500 °C, it is observed from the
bar chart that the impingement at 30° is higher than that
90°. Similarly for the 700 °C temperature, the impingement
at 30° is higher than that 90°. For both the temperatures
500 °C and 700 °C at 30° and 90° impingement angles, the
(WC—-Co) + (Cr;C,—NiCr) coating implies the ductile behav-
iour. It is clear from the above discussion that as the tem-
perature increases from 300 to 700 °C, the erosion resistance
of the coating increases. Mahantayya et al. (2017) reported
that plasma spraying has been successfully used to develop
NiCrAlY-25WC-Co/Cenosphere coating. Erosion resistance
of developed coating increases with increasing temperature
for 30° impact angle. At elevated temperature, erosion resist-
ance of coating is 71% higher than MDN 321 steel substrate.
Similar results are explained by the author Guan-Jun Yang
et al. [21-23]. This effect may be due to softening of the
material which results in increase of ductility as the tempera-
ture increases and further prevents from cracking which in
turn improves the erosion resistance of the coating.

Under the similar test conditions, the special steel alloy
MDN-420 exhibits the lesser wear loss when compared to
(WC—Co) + (Cr;C,—NiCr) coating. This condition is due to
the shielding effect of alumina particles which are implant-
ing on the surface of the substrate, which avoids the further
material loss to occur. The ratio of erodent particle hardness
(Hp) to target hardness (Ht) is well known to have a regulat-
ing effect on erosion mechanisms [24-26]. The average hard-
ness value of the Al,O; erodent used in this present work is
886 HV and, for the MDN-420 alloy, the average hardness
value is 232 HV. As compared to (WC—-Co) + (Cr;C,—NiCr)
coating, the Hp/Ht ratio is approximately 3.8, allowing alu-
mina particles to penetrate the target substrate material,
serving as a barrier against impacting particles, resulting in
less wear loss of MDN-420 alloy. Only if Hp/Ht > 1.2, ero-
dent abrasive particles of any form will cause plastic scratch-
ing and indent the surface [18]. The embedment of alumina
particle in the eroded surface of MDN-420 alloy is clearly
visible (Fig. 9), and the erosion process basically involves
indentation caused by extreme plastic deformation. Sidhu
et al. [19] and Mishra et al. [27] also explained about the
silica particle embedment on super alloys and steels.

Figure 10a and b reveals the surface morphology of
the 35%(WC-Co) + 65% (Cr;C,-NiCr)-coating sur-
face eroded at 700 °C with impact angle of 30°. From
the micrograph 10a, it can be clearly observed that the
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small tearing is formed due to the repeated impact of the
erodent. The erodent particles deform the surface by the
tearing. The alumina erodent particles deform the surface
by the mechanism of ploughing, displacing material to
the side and in front of the particle in the shape of a lip
due to the extreme plastic flow, as shown in micrograph
10b. Figure 10c and d indicates the surface morphology
of the (WC—Co) + (Cr;C,—NiCr)-coating surface eroded at
700 °C with impact angle of 90°. The morphology indi-
cates the grooves formed in the nickel-rich binder matrix,
which is characterized by the crater which is formed by
the mechanism of ploughing and lips at the rim of the
crater are clearly visible in the micrograph (Fig. 10c). It
is also observed that sharp-edged alumina particles which
are incrusted in the surface, forming the crater, extrude as
micro-platelets at the site of impacts. These platelets of
metal that are locally attached to the crater rim are further
forged by the subsequent impact of the erodent and will
be strained to their critical plastic strain. From Fig. 10d,
it can be observed that the coating is severely plastically
deformed. The strain localization is a feature, which is
commonly seen in ductile erosion behaviour, and is indi-
cated by the pull-out regions surrounded by craters and
protuberant lips [28]. Figure 10e, f shows the EDS of the
(WC—-Co) + (Cr;C,—NiCr) coating eroded at 700 °C with
impact angle of 90° confirming the nickel-rich binder
matrix.

4 Conclusion

1. Plasma spray coating has been successfully used to
deposit the 35% (WC—-Co) +65% (Cr;C,—NiCr) coating
on to the MDN-420 alloy with porosity of 2.5 to 3.5%
and the hardness value of 538 HV.

2. The erosion resistance of the coating increases with the
increase in the temperature from 300 to 700 °C for both
the 30° and 90° impact angles.

3. The (WC-Co) + (Cr;C,—NiCr) coating shows the duc-
tile erosive mechanism at the temperatures of 500 °C
and 700 °C where in material, removal is occurred with
the formation of craters and lips followed by the severe
plastic deformation. At lower temperature of 300 °C, the
coating exhibits the brittle erosive mechanism.

4. MDN-420 steel exhibits the lesser wear loss when com-
pared to the (WC—Co) + (Cr;C,-NiCr)-coated alloy.
This is due to embedment of the alumina particles on
substrate surface, which creates the shielding effect and
prevents the further material loss to occur.
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Tearing

Ploughin

3.86 %W 5.27% W
9.11% Co w1 10.74% Co
17.69% Ni 19.89% Ni
13.81%Cr 4 18.33%Cr
14.86% Al 16.53% Al
40.67 % 0O 2 29.24%0

Fig. 10 SEM images showing the erosion morphology of (WC-Co) + (Cr;C,—NiCr) coating at 700 °C with impact angles of 30° and 90°. a and
b Images of eroded surface at 30° impact angle. ¢ and d Images show the eroded surface at 90° impact angle
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