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Abstract

The effectiveness of coated and uncoated hydro-turbine steel at different slurry concentrations and impingement angles is being stud-
ied in the current effort to understand better the central problem of erosion of turbines and its components in hydropower generating
plants. The pressure and stand-off distance were maintained at the same levels throughout the slurry erosion experiment. The tester
for slurry erosion is additionally employed for experimental purposes. The maximum erosion occurred at a 20000 ppm (parts per mil-
lion) slurry concentration and a 30° impingement angle. While Tungsten Carbide-Cobalt (WC-Co) shows a brittle nature, Chromium
Carbide-Nickel Chromium (CrsC,-NiCr) exhibited brittle and ductile characteristics. While CrsC,-NiCr is less resistant to slurry erosion
than WC-Co, it still outperforms uncoated material. The degree of resistance to slurry erosion throughout both impact angles: Cr;C,-
NiCr coating is superior to WC-Co coating. Statistical analyses were employed to analyze the data and identify key factors influencing
erosion. Regression analysis reveals negative correlations between erosion rates and slurry concentration/impingement angle in WC-
Co coated specimens, suggesting reduced erosion with decreasing concentration and angle. Analysis of Variance (ANOVA) results con-
firm the significant impacts of specimen type, slurry concentration, and impingement angle on erosion variability. Visual examination,
X-ray Diffraction (XRD) patterns, Scanning Electron Microscopy (SEM)/Energy Dispersive X-ray Analysis (EDAX) micrographs, and ele-
mental analysis further characterize the erosion mechanisms and coating performance, highlighting the protective effects of coatings
in reducing erosion rates. This research improves erosion knowledge, optimizes performance, and directs material selection for
erosion-prone situations, aiding industries facing wear and erosion concerns and enhancing component longevity and dependability.
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Introduction water is used in the slurry erosion to dissolve and disintegrate

The erosion of turbines and their components in hydropower-
generating plants is a significant problem in all countries. This
problem primarily affects the power facilities in India that are
close to the Himalayan region [1]. Common turbine parts and
other machinery impacted by slurry erosion include seat valves,
top and bottom ring liners, draft tubes, runners, guiding vanes,
runner blades, pipes, nozzles, and pumps. Therefore, erosion
wear poses a significant risk to engineers, designers, and people
operating hydropower-producing units’ gear and equipment [2].
Slurry is a liquid that contains very minute solid particles such as
coal, silt, sand, cement, gravel, clay, etc. Solid abrasive found in

the substance [3]. The erosive wear rate of a material is influ-
enced by several elements, such as its slurry concentration, ero-
dent hardness, size, shape, and velocity [4]. The angle of
incidence is a crucial element that holds significant importance.
The maximum wear of ductile materials happens at 30° [5].
Nevertheless, non-ductile material at an angle normal to the tar-
get surface is considered for maximal wear [6].

Furthermore, erosion issues are common in hydro turbines,
and conventional steels used in power plants such as carbon
steel, white cast iron, stainless steel, low manganese steel, and
many others- cannot resist them [7]. This results in significant
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downtime, increased maintenance needs, and losses in revenue
[8, 9]. Any covering applied to an object’s or material’s surface is
called a coating. These are occasionally used to improve and al-
ter the surface characteristics of substrates, giving them resis-
tance to erosion and corrosion [10, 11]. It may also be defined as
a material typically made of the same or a different material and
deposited on the substrate naturally or intentionally. Coatings
can be deposited in various ways, typically ranging from a few to
hundreds of microns [12]. The environment in which the compo-
nent must function will determine the coating’s thickness, type
and depositional method [13]. Therefore, it has been determined
that applying different coatings can cost-effectively increase the
target material’'s hardness and resistance to erosion [14, 15].
There are numerous methods for applying coatings. The most ef-
fective way to protect the material from corrosive and erosive
wear was thermal spray coating, which involves injecting pow-
dered material at a very high temperature to heat it up and accel-
erate it even faster quickly [16].

Goyal et al. [17] studied the slurry erosion resistance of a
Cr3C2-NiCr coating applied via High Velocity Oxy-Fuel (HVOF)
spray to CA6NM turbine steel. A high-speed erosion test appara-
tus was employed to vary parameters such as slurry particle size,
speed, and concentration. Three different HVOF-sprayed cermet
coatings were tested by Reyes-Mojena [18] for slurry erosion be-
havior. They were created using powders that included fine WC
grain, Cr3C2-NiCr (75-25), and standard grain sizes of
NiCrWsiFeB. Sharma et al. [19] investigated the slurry erosion re-
sistance of high-velocity flame-sprayed (HVFS) nickel matrix
coatings, including TiO, and Al,O5 ceramic particles. Kumar et al.
[20] reviewed the slurry erosion effect of HVOF-sprayed coatings
on hydroturbine steel. Kumar et al. [21] studied the slurry erosion
behavior of Cr3C2-25NiCr ceramic nanocomposite coatings en-
hanced with nano-yttria-stabilized zirconia (YSZ) on turbine
steel. Using high-velocity oxy-fuel coating, coatings containing
90% (Cr3C2-25NiCr) + 10% YSZ and 95% (Cr3C2-25NiCr) + 5%
YSZ were applied. Kumar et al. [22] examined the erosion resis-
tance of HVOF-sprayed Al,03/Cr,03 composite coatings on stain-
less steel (SS-304) in silt slurry conditions. Sahni and Grewal [23]
used HVOF thermal spray to put a protective WC-Co-Cr coating
on Cast Austenitic Stainless Steel Grade CF8M steel in turbines,
extending its lifespan. Wear experiments on slurry erosion were
performed with various parameters. Maekai et al. [24] applied
WC-10Co-4Cr and Cr3C2-25(Ni20Cr) coatings to F6NM stainless
steel from the Dul-Hasti hydropower facility via the HVOF tech-
nique. High-speed slurry erosive wear tests were performed on
sediments from the plant dam. Babu et al. [25] systematically
tested Ni-SiC composite claddings on SS 3161 for slurry erosion
rates at different impact angles. These claddings, which were
created by microwave hybrid heating, comprised 5wt.% SiC par-
ticles of various sizes (nano to micro), either alone (unimodal) or
together (bimodal) in the matrix. Paredes, et al. [26] investigated
enhancing agricultural harvester blade performance using arc-
sprayed iron-based WC coatings. Flame remelting improved ad-
hesion, increasing impact wear resistance and blade longevity.
Khuengpukheiw et al. [27] studied HVOF-sprayed coatings on rice
harvester blades, analyzing volume loss, hardness, and surface
roughness. WC-Co coatings showed superior hardness, while
NiSiCrFeB had the highest volume loss. Marques et al. [28] investi-
gated wear in hot forging tools, using HVOF coatings for the first
time on punches. WC-CoCr exhibited lower roughness, higher
hardness, and improved wear resistance compared to Cr3C2-
NiCr, confirming HVOF as a promising method for extending
tool life.

Kumar, et al. [29] studied erosion resistance in nano YSZ-
reinforced WC-10Co-4Cr coatings on CA6NM steel using HVOF
spraying. Nanocomposite coatings exhibited higher microhard-
ness, lower porosity, and greater erosion resistance than conven-
tional coatings, with 5-10% YSZ reinforcement offering the best
performance. Ma and Ruggerio [30] investigated CrsC,-NiCr coat-
ings sprayed via HVOF, analyzing feedstock characteristics and
sliding wear performance. The study evaluated the mechanical
properties and slurry erosion behavior of 10TiO,-Cr,05 coated
turbine steel. Slurry erosion tests demonstrated the superior ero-
sion resistance of 10TiO,-Cr,05 coatings compared to Al,O3 and
uncoated steel, with surface analysis revealing key erosion
mechanisms [31].

As a result, thermally sprayed coatings find extensive use in
various sectors [32]. It has been discovered that thermal spraying
techniques are adaptable to building erosion and corrosion resis-
tance [33, 34]. As a result, it improves the performance and work-
ing life of materials often subjected to erosive wear conditions
[35]. The coating material’s qualities and the spraying process’s
settings affect how well-deposited coatings are via the thermal
spray method [36]. Union Carbide Corporation created and re-
ceived a patent for the detonation spray coating apparatus in the
US in 1995 [37].

In hydro turbines, slurry erosion primarily results from the
high-speed impact of solid particles, such as sand, silt, and
gravel, carried in the water. These particles impact turbine parts
from various angles, resulting in material loss through cutting,
plowing, and fatigue [38]. The severity of erosion is significantly
affected by slurry concentration, as well as the size, shape, im-
pact velocity, and angle of the particles. Ductile materials typi-
cally experience greater wear at oblique angles (around 30°),
whereas brittle materials are more vulnerable during normal
impacts (approximately 90°). This ongoing erosion deteriorates
surface integrity, modifies blade shapes, reduces hydraulic effi-
ciency, and may lead to rotor imbalance and vibrations [39].
Ultimately, these consequences hinder the performance, reliabil-
ity, and lifespan of hydro turbine components, resulting in higher
maintenance expenses and increased operational downtime.
Thus, understanding and addressing slurry erosion is crucial for
sustainable and cost-efficient hydropower production. Erosion of
hydro-turbine components, compounded by slurry erosion,
presents significant challenges to power generation. Coatings
have emerged as a viable alternative for increasing erosion resis-
tance and extending the life of turbine parts. Various coating pro-
cesses provide the potential for surface modification and
excellent erosion control. However, the optimal choice of coating
materials, deposition techniques, and parameters remains an
important research topic.

Furthermore, the interplay of slurry properties (particle size,
concentration) and operational factors (impingement angle, ve-
locity) in erosion processes necessitates further research.
Understanding how these elements affect erosive wear rates and
processes is crucial for designing customized coating solutions
and operational methods to mitigate erosion-related challenges
in hydro-turbines. Enhancing slurry erosion resistance is crucial
for prolonging the lifespan of critical components in hydroelec-
tric turbines that are subjected to abrasive conditions. Instead of
just assessing erosion rates, this research focuses on identifying
parameter combinations that minimize erosion through the use
of statistical and experimental optimization. This method sup-
ports better decision-making in selecting materials and planning
maintenance. The primary goal of this study is to evaluate and
compare the slurry erosion performance of uncoated hydro
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turbine steel to steel coated with WC + Co and Cr3C2 + NiCr coat-
ings. The emphasis is on overcoming erosion difficulties in bio-
medical and engineering settings, where erosion resistance is
crucial for maintaining performance, reliability, and safety.
Specifically, the study aims to:

* Evaluate the erosion resistance of uncoated hydro turbine
steel under varying slurry concentrations and impingement
angles representative of real-world operational conditions.
Investigate the effectiveness of WC+Co and Cr3C2 -+ NiCr
coatings in reducing erosion rates and enhancing durability
compared to uncoated steel.

Analyze the impact of slurry composition, particle size, veloc-
ity, and impingement angle on erosion behavior to under-
stand the wunderlying mechanisms influencing erosion
resistance.

Investigate the applicability of thermal-sprayed coatings
in mitigating erosion challenges across biomedical and
engineering applications, taking into account factors such as
coating thickness, deposition process, and material
properties.

Provide insights and recommendations for optimizing erosion
performance and selecting suitable coatings for hydro-
turbine steel.

This study distinguishes itself from earlier research, which
has only examined erosion performance under fixed conditions.
It innovatively integrates varying slurry concentrations and im-
pingement angles using Taguchi and Response Surface
Methodology (RSM) to optimize minimum erosion conditions.
Furthermore, it adopts a practical approach by incorporating en-
vironmental simulation contexts and linking surface characteri-
zation to statistical modeling. This comprehensive method
provides an enhanced understanding of erosion mechanisms and
offers predictive tools for turbine maintenance planning in real-
world situations. By linking ideas between various disciplines,
the study promotes cross-disciplinary cooperation, innovation,
and practical applications, eventually leading to enhanced

Slurry erosion performance of WC-Co and CrsC,-NiCr coatings | 3

performance, safety, and sustainability in biomedical and engi-
neering settings affected by slurry erosion concerns.

Materials and methods

The methodology adopted for the proposed work is illustrated
in Fig. 1.

Selection of substrate material

Table 1 shows the chemical composition of a material selected
for this research work. CF8M samples of dimensions
16mm x 16 mm x 6 mm were produced from steel flat. Before ap-
plying the coating, already samples were polished and cleaned
with emery paper down to 800 grains to get the best adhesion
possible between the coating and the substrate. After that, the
necessary number of samples were coated with thick layers of
Cr3C,-NiCr and WC-Co coatings using the Detonation Gun (D-
gun) thermal spray procedure (Table 1). Chemical composition
(wt.%) of CFS8M (ASTM A743).

Coating powders

After a thorough literature survey, two different coatings were
selected: WC+12Co and Cr3C2+ 25NiCr, using a process of D-
gun spray. Studies show that the chosen coatings have outstand-
ing wear resistance and bond strength. The following qualities
are included in the coating powder used, as shown in Table 2.

Deposition of coating by detonation

spray process

Initially, the faces of the 16 mm by 16 mm CF8M samples were
cleaned and polished using emery paper sanded down to 800
grains. To make the surface rougher and facilitate easier coating
adhesion to the substrate, they were cleaned using an ultrasonic
acetone cleaner. The chosen coating powders were then taken
and applied to the steel samples using the D-gun spray method
offered by SVX Surface-Engineering Pvt. Ltd in Greater Noida,
India, by grasping the samples in an appropriate holder. The
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Figure 1. Experimental methodology for slurry erosion testing and optimization.
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Table 1. Chemical composition (wt.%) of CF8M (ASTM A743).

Elements C max Si max Mn max

S max

P max Cr Ni Mo Fe

Percentage (%) 0.08 1.5 1.5 0.04

0.04 17.0-210 9.0-130 2.0-30 Balance

Table 2. Coating powders details.

Powder Percentage Make and commercial code Morphology Grain size
WC-Co WC-Co (88:12) H C Starck; Amperit 518 Agglomerated, Sintered 15-45
CrsC,-NiCr Cr3C,-NiCr (75:25) H C Starck; Amperit 584 Agglomerated, Sintered 10-45

Table 3. Detonation spray process parameters.

Fuel gas Oxygen and acetylene
Carrier gas Nitrogen

Oxygen flow rate (O,) 2960 (WC); 2720 (Cr3C2NiCr)
Pressure 0.2MPa

Acetylene flow rate (C,Hy) 2400 (WC); 2320 (Cr3C2NiCr)
Pressure 0.14 MPa

Nitrogen flow rate (N,) 720 (WC and Cr3C2NiCr)
Pressure 0.4 Mpa

Spray angle 90 degrees

Spray distance 165mm

Mazx. substrate temperature 110deg. C

No. of shots per second 3

Coating thickness per shot 5-25

following are the process parameters that the industry uses to
deposit coatings, as shown in Table 3.

Design details of tester

The tester was constructed in the college workshop. A schematic
of the slurry erosion tester is illustrated in Fig. 2. It depicts the ex-
perimental layout and component arrangement for better under-
standing of the flow dynamics, alignment, and positioning used
during testing. It is made up of a sizable convergent-divergent
slurry tank that is used to hold and move water. Steel 403 grade
was used to make this. This cross-section’s primary benefit is
preventing particles from building up at the bottom of the tank,
enabling slurry to circulate naturally due to gravity. It also
includes a flat, mild steel bed with an appropriate holding ar-
rangement. The middle groove of the bed allows the user to ad-
just the stand-off distance. A 90" bent MS flat serves as the
workpiece holding fixture. There is a groove on the fixture face
that faces the nozzle where a screw can be used to hold and mod-
ify the workpiece that follows the nozzle. The flatbed is bolted to
the bottom face. Since the fixture lacks a mechanism for adjust-
ing angles, it was altered for experimentation. Thus, certain
adjustments were made to the fixture. The centrifugal pump in-
side the tester was driven by a 3 HP, 2800 rpm electric motor to
circulate the slurry. A flow control valve regulated and controlled
the pressure and flow in the slurry circulating pipes. A 3mm di-
ameter nozzle made of tungsten carbide was used to reduce
its wear.

Variations in stand-off distance, flow pressure, velocity, inci-
dence angle, and slurry concentration can be made with this tes-
ter. The hydro turbine and its parts accumulated silt and other
particles from the Nathpa Jakhri Power Plant in Himachal
Pradesh. After the silt was dried, the particle size was separated
using sieve analysis. In addition, a specific amount of water was
combined with silt with an average particle size of 300um to

create three slurries. The slurries have a concentration of
roughly 10000, 15000, and 20000 ppm. Table 4 lists the test
parameters employed, and Table 5 lists the different parameter
sets applied to the uncoated, WC-Co, and Cr3C,-NiCr
coated samples.

The selection of slurry concentration and impingement angle
was made based on a combination of literature review, practical
relevance to hydro-turbine operational conditions, and the need
to explore the full spectrum of erosive behavior in coated and
uncoated steel substrates.

® Slurry Concentration (10000 ppm, 15000 ppm, 20000 ppm):
These concentration levels were chosen to represent real-
world operating environments encountered in hydroelectric
power plants, particularly those located in sediment-rich
regions such as the Himalayan belt. The silt-laden water in
these areas often exhibits particle loadings in the range of
1%-2% by weight, which corresponds approximately to
10000-20000 ppm. This range enables us to assess the per-
formance of protective coatings under varying erosive parti-
cle conditions, including low, moderate, and high levels.
Impingement Angles (30° and 90°): The angles were selected to
reflect the most critical scenarios of erosion in hydro-turbine
components. 30° represents low-angle impacts, which are
typically associated with sliding or cutting mechanisms and
are most relevant for the erosion of ductile materials. 90° rep-
resents normal impact, corresponding to ploughing or fatigue
mechanisms, and is more representative of brittle material
erosion. These two angles also provide contrasting erosion
modes, enabling a comprehensive evaluation of coating be-
havior under various impact dynamics.

Together, these parameters were selected to systematically
investigate the combined influence of impact mechanics and
abrasive particle loading, thereby simulating a wide range of re-
alistic service conditions in slurry-exposed environments.

The choice of a 20000 ppm slurry concentration and a 30° im-
pingement angle was carefully guided by field observations from
active hydroelectric power plants, as well as recognized trends in
erosion studies from existing literature.

Results and discussion

The Scanning Electron Microscopy (SEM) and Energy Dispersive
X-ray Analysis (EDAX) study of WC-Co and Cr3C,-NiCr coatings
deposited via detonation gun spraying on CF8M stainless steel
has been detailed, covering both eroded and non-eroded regions.
Additionally, slurry erosion behavior and X-ray Diffraction (XRD)

G20z aunr G| uo 1senb Aq 651 1.Z18/800JEN/|/G/010IE/SWO0/WO0d"dNO"0lWepeo.//:Sdyy Woly papeojumoq



Slurry erosion performance of WC-Co and CrsC,-NiCr coatings | 5

,\‘iin‘\m ty-based f 5 uniform sl '
i on \
L %
Flat Mild Steel Bed N \
\\ X \\
Middle groove adjusts stand-off distance N \. N
accurately. \ N\
N \
—{J Workpiece Holding Fixture \
E 90° MS flat secures workpiece firmly. .
Effective
.nie.. Tungsten Carbide Nozzle / Slurry Erosion
’ ? ' Precise nozzle positioning enhances erosion
efficiency.
% Centrifugal Pump
~ High-speed pump ensures consistent slurry
(9
flow.
HT:RLQ Flow Control Valve
Valve regulates slurry flow for optimal
erosion.
Figure 2. Schematic of the slurry erosion test setup.
Table 4. Parameters for slurry erosion testing. suggest a well-formed covering with a stable and defined struc-
ture. This structural integrity is crucial to the coatings’ mechani-
Slurry conc. (ppm) 10000 15000 20000 cal strength, wear resistance, and overall performance in severe
Impingement angle (degree) 30 90 n et ° A . p. -
Stand-off distance 15 conditions, making them ideal for applications that require ro-
Pressure (psi) 25 bust surface protection.
Time (h) 2 Figure 3c and d depict the SEM/EDAX micrographs with ele-

Table 5. Set of parameters used during testing.

S. No./parameters Slurry concentration (ppm) Impingement (degree)

Set A 10 000 30
SetB 10 000 90
Set C 15000 30
SetD 15 000 90
SetE 20000 30
SetF 20 000 90

analysis of the coated surfaces are presented to further elucidate
the coating performance and degradation mechanisms.

Coating characterization through visual
examination

WC-Co-coated specimens look greyish upon visual inspection of
D-gun coated specimens, while CrsC,-NiCr samples seem silver
greyish. Coating surfaces appear rough; no cracks were observed
during visual examination.

The XRD pattern in Fig. 3a and b reveal the presence of WC,
Co, and Cr3C2, NiCr. The patterns demonstrate the effective de-
position of the planned coating materials, corresponding with
predictions based on the selected materials. The distinct peaks
corresponding to the crystalline structure of these components

mental composition for the WC-Co and Cr3C,-NiCr detonation
gun-coated specimens. The SEM/EDAX micrographs show a pre-
cise visual depiction of the coating morphology and elemental
composition. The micrographs display homogeneity and unifor-
mity, indicating an even distribution of the coating material with
no apparent faults or abnormalities. This uniformity is crucial for
ensuring consistent properties across the coated surface and the
coatings’ reliable performance and lifespan in practical applica-
tions. The lack of fractures or discontinuities confirms the integ-
rity of the coatings, implying that they can withstand
mechanical pressures and environmental variables without
compromising their protective properties. The micrographs dem-
onstrate the homogeneity, uniformity, and absence of cracks in
the coatings. Oxygen (O) is present, indicating that the oxide
formed during the detonation spraying process. Oxygen indicates
that oxide compounds are forming during the detonation spray-
ing process. By strengthening the coatings’ resistance to oxida-
tion and corrosion, these oxides can prolong their service life and
preserve their protective qualities in harsh environments.
Furthermore, developing oxide layers may enhance adhesion be-
tween the substrate and coating, thereby improving the overall
stability and longevity of the coated components.

Ultimately, the quality, content, and structural integrity of the
CrsC,-NiCr and WC-Co coatings are fully validated by the find-
ings of the SEM/EDAX micrographs and XRD patterns. These
coatings possess the qualities necessary for high-performance
surface protection in various industrial, automotive, and
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Figure 3. XRD pattern of (a) coated WC-Co (b) CrsC,-NiCr on CF8M substrate; SEM/EDAX of (c)WC-CO (d) CrsC,-NiCr as coated samples.

aerospace applications, among others. The comprehensive inves-
tigation and characterization of these coatings support their suit-
ability for the intended uses, underscoring the importance of
sophisticated materials characterization techniques in assessing
coating performance and ensuring product reliability.

The XRD patterns (Fig. 4a and b) reveal distinct peaks that are
consistent with the expected crystalline phases of the coating
materials. For WC-Co, prominent peaks corresponding to hexag-
onal tungsten carbide and metallic cobalt confirm the presence
of the primary coating constituents. The sharp and well-defined
peaks suggest a high degree of crystallinity and phase stability

retained during the detonation spray process. Similarly, the
CrsC,-NiCr-coated samples exhibit peaks corresponding to chro-
mium carbide and a face-centered cubic (FCC) Ni-Cr matrix, indi-
cating successful phase retention and proper alloying during
deposition. The lack of amorphous humps or secondary
unwanted phases suggests minimal decomposition or oxidation
during spraying, which is critical for maintaining erosion resis-
tance and coating durability.

Following testing, the specimens exposed to slurry erosion were
weighed. The erosion or weight loss quantity equals the difference
between the starting and final weight values. Table 6 shows all
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(b)

Figure 4. (a) Bare samples after the examination (b) Cr3C,-NiCr eroded samples (c) WC-Co eroded samples.

Table 6. Test results for slurry erosion.

Sample no. Specimens

Slurry conc. (ppm) Impingement angle (deg)

Initial weight (g) Final weight (g) Erosion/weight loss (g)

1 CF8M 10 90
2 Cr3C,-NiCr coated 10 90
3 WC-Co coated 10 90
4 CF8M 10 30
5 Cr3C,-NiCr coated 10 30
6 WC-Co coated 10 30
7 CF8M 15 90
8 Cr3C,-NiCr coated 15 90
9 WC-Co coated 15 90
10 CF8M 15 30
11 Cr3C,-NiCr coated 15 30
12 WC-Co coated 15 30
13 CF8M 20 90
14 Cr3C,-NiCr coated 20 90
15 WC-Co coated 20 90
16 CF8M 20 30
17 Cr3C,-NiCr coated 20 30
18 WC-Co coated 20 30

12.221 12.132 0.089
12.267 12.227 0.04

12.569 12.554 0.015
12.304 12.163 0.141
12.734 12.725 0.009
12.835 12.828 0.007
12.51 12.37 0.14

12.604 12.574 0.03

12.618 12.598 0.02

12.128 11.992 0.136
12.426 12.409 0.017
13.081 13.072 0.009
11.376 11.231 0.145
12.192 12.13 0.062
12.79 12.74 0.05

12.506 12.348 0.158
12.613 12.588 0.025
12.747 12.731 0.016

coated and uncoated specimens that experienced slurry erosion at
different settings. There are circular impressions on the material
surface due to the material being eroded from the center outward
by a high-speed impingement jet. Only samples degraded at a 90°
impingement angle exhibit visible circular impressions. When the
impingement angle U is 30", the surface forms elliptical or U-
shaped impressions. The slurry jet’s passage in a specific direction
could cause the elliptical marks. Weight loss due to slurry erosion
trials is shown in Table 6. Compared to coated specimens, all
CF8M specimens show a higher weight reduction. The table shows
that for the CF8M specimen, the highest erosion occurs at a 30° im-
pinged angle. The most outstanding erosion rates for ductile mate-
rial were approximately 30° impingement angle, which explains
this occurrence [40].

Table 6 demonstrates that the erosion rate increases for all
specimens at an impact angle of 90° and with increasing slurry
concentration. The highest degree of erosion happens on bare
specimens, whereas the least amount occurs on WC-Co speci-
mens. This difference in hardness between WC-Co and uncoated
specimens can be explained. The following observations and
trends were noted.

* Effect of Specimen Type:
The observed tendency for CF8M specimens to continually
exhibit greater erosion rates than CR3C,-NiCr and WC-Co
coated specimens emphasizes the protective effects of coat-
ings in preventing erosion. CF8M, as an uncoated material,
lacks the extra layers of protection that coatings offer. As a
result, it is more vulnerable to the erosive pressures seen in
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slurry settings, particularly at greater concentrations and im-
pingement angles. In contrast, CR;C,-NiCr and WC-Co coat-
ings are designed to endure erosive conditions. These
coatings operate as barriers, absorbing and diffusing the en-
ergy of impacting particles in the slurry, thereby reducing the
impact force on the substrate below. This protective mecha-
nism significantly reduces erosion rates, as indicated by de-
creased weight loss in CR3C,-NiCr and WC-Co coated
specimens under different test circumstances [41]. The ero-
sion rates between CF8M and covered specimens demon-
strate the need to apply protective coatings in erosive
conditions. Coatings enhance the material’s resistance to ero-
sion, extending its useful life by reducing wear and deteriora-
tion. This protective function is crucial in the aerospace,
automotive, and industrial industries, where components are
subjected to rigorous working conditions [42].

Impact of Slurry Concentration and Impingement Angle:

The effect of slurry concentration and impingement angle on
erosion rates is crucial for understanding material behavior in
erosive settings. Higher slurry concentrations result in a
greater number of abrasive particles per unit volume, which
increases the likelihood of material removal. Similarly, larger
impingement angles provide more direct and violent contact
between the slurry particles and the material surface, resulting
in greater erosion effects [43]. The fact that CF8M specimens at
20 ppm and 30° impingement angle have greater erosion rates
than the same material at lower concentrations or angles is
consistent with these concepts. At 20 ppm, the slurry has a
larger concentration of abrasive particles, accelerating the ero-
sion process. The 30° impingement angle causes the slurry to
flow more directly onto the material surface, increasing impact
force and erosion rates. This phenomenon is critical in engi-
neering applications that subject materials to abrasive media,
such as hydraulic systems, pumps, and industrial gear.
Understanding how slurry concentration and impingement an-
gle affect erosion aids in creating better erosion-resistant
materials and preventative measures [44].

Slurry concentration directly affects the number of abrasive
particles per unit volume of water. A higher concentration
implies a denser population of solid particles, leading to more
frequent collisions with the material surface during testing.
This increased frequency of impact boosts the cumulative ki-
netic energy transfer to the coating. It accelerates material
removal through mechanisms such as cutting, plowing, and
fatigue-induced micro-fractures. Furthermore, at high con-
centrations, interactions between particles can enhance tur-
bulence and intensify erosion effects. Therefore, the rise in
erosion rate with slurry concentration reflects both the me-
chanical and dynamic nature of particle-surface and particle-
particle interactions.

The impingement angle plays a critical role in determining the
erosion behavior of materials. At lower angles such as 30°, the
abrasive particles tend to slide or glide along the surface, caus-
ing cutting, shearing, and plowing mechanisms typically asso-
ciated with ductile material erosion. This results in higher
erosion rates due to continuous surface deformation and re-
moval of material layers. At 90°, the impact is more normal,
resulting in plastic deformation, crater formation, and, in
some cases, brittle fracture. In our study, the maximum ero-
sion was observed at 30°, which is consistent with the ductile
response of CF8M steel and the composite behavior of the
sprayed coatings.

* Comparative Erosion Rates:

WC-Co coated specimens consistently show less erosion than
CR3C,-NiCr coated specimens when comparing erosion rates
between coated specimens. This demonstrates the better ero-
sion resistance of WC-Co coatings under the test circumstan-
ces. The results reveal similar erosion patterns for each
specimen type across all testing conditions [45]. This uniformity
shows that the slurry erosion testing approach is reliable and
repeatable. These findings are supported by the materials’
known qualities and the protective mechanisms provided by
coatings. CF8M is prone to erosion, particularly under high-
velocity impacts like those used in slurry erosion experiments.
In contrast, CRsC,-NiCr and WC-Co coatings are designed to en-
hance erosion, corrosion, and wear resistance, as evidenced by
decreased erosion rates compared to CF8M [46].

The erosion rate significantly increased as the slurry concentra-
tion rose from 10,000 ppm to 20,000 ppm. This pattern is attributed
to a higher density of abrasive particles in the slurry, resulting in
more frequent impact events on the coated surface. At these ele-
vated concentrations, the cumulative effect of particle collisions,
along with increased kinetic energy transfer, intensifies cutting,
micro-chipping, and surface fatigue mechanisms. While the coat-
ings showed better resistance than the uncoated samples, the vary-
ing erosion levels across concentrations highlight the need to
consider particle load in actual turbine conditions.

Descriptive statistics: erosion of specimens

Figure 5a provides statistical measures for erosion by WC-Co-coated
specimens. The mean erosion value is calculated to be 0.01950, indi-
cating the average amount of material lost due to erosion for WC-
Co-coated specimens. The standard error of the mean is 0.00640,
representing the variability of the sample mean from the population
mean. The standard deviation of 0.01568 shows the spread or disper-
sion of erosion values around the mean. The variance, calculated as
the square of the standard deviation, is 0.00025. These values suggest
that the erosion data for WC-Co coated specimens are relatively con-
sistent, with limited variability among the measurements. The mini-
mum erosion value observed is 0.00700, indicating the smallest
amount of material lost during erosion. The relatively low standard
deviation and variance suggest that the erosion data is clustered
around the mean with minimal dispersion.

Figure 5b provides CF8M specimens; the mean erosion value is
calculated to be 0.13483, the standard error of the mean is 0.00967,
and the standard deviation is 0.02369, showing the spread or disper-
sion of erosion values around the mean. The variance, calculated
as the square of the standard deviation, is 0.00056. These values
suggest that the erosion data for CF8M specimens have some vari-
ability around the mean but are relatively consistent overall. The
minimum erosion value observed is 0.08900, with a first quartile of
0.12425, meaning that 25% of the erosion values fall below this
threshold. The median erosion value (0.14050) is the data set’s mid-
dle point, separating the erosion values’ lower and upper halves.
The maximum erosion value observed is 0.15800, representing the
largest amount of material lost due to erosion.

Figure Sc depicts results for Cr3C,-NiCr coated specimens. The
mean erosion value is calculated to be 0.03050, the standard er-
ror of the mean is 0.00765, and the standard deviation is 0.01875.
The variance, calculated as the square of the standard deviation,
is 0.00035. The minimum erosion value observed is 0.00900, and
the median erosion value (0.02750) is the middle point of the data
set, separating the lower and upper halves of erosion values. The
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A Summary Report for Erosion WC-Co coated B Summary Report for Erosion CF8M
Darling ity Test Darling Normality Test
A-Squared 0.68 A-Squared 0.70
P-Value 0,037 P-Value 0.031
Mean 0019500 Mean 013483
StDev 0.015681 StDev 0.02369
Variance 0.000246 Variance 0.00056
Skewness 195498 Skewness -1.85910
Kurtosis 419782 Kurtosis 4.2207
N 6 N 6
Minimum 0.007000 Minimum 0.08900
1st Quartile 0008500 1st Quartile  0.12425
Median 0.015500 Median 014050
3rd Quartile  0.027500 3rd Quartile  0.14825
Maximum 0.050000 Maximum 0.15800
005 95% Confidence Interval for Mean o0 o o o6 95% Confidence Interval for Mean
0.003044 0.035956 0.10997 015970
B 7 7/ 95% Confidence Interval for Median RN 95% Confidence Interval for Median
0.007714 0.039286 010579 015336
95% Confidence Interval for StDev 95% Confidence Interval for StDev
0.009788 0.038460 0.01479 0.05811
95% Confidence Intervals 95% Confidence Intervals
Mean | i 1 Mean |
Median | i Median 1
000 001 002 003 004 010 on 012 013 014 015 016
(o] Summary Report for Erosion CR3C2-NiCr coated
d Darling ity Test
A-Squared 0.21
P-Value 0735
Mean 0.030500
StDev 0018748
Variance 0.000351
Skewness 0.889888
Kurtosis 0.778259
N 6
Minimum 0.009000
1st Quartile 0.015000
Median 0.027500
3rd Quartile 0045500
Maximum  0.062000

95% Confidence Intervals

95% Confidence Interval for Mean
0.010825 0.050175

95% Confidence Interval for Median
0.011857 0.054143

95% Confidence Interval for StDev
0.011703 0.045982

Figure 5. Descriptive statistics of erosion (a) Erosion WC-Co coated, (b) Erosion CF8M, (c) Erosion Cr3C,-NiCr coated.

third quartile is 0.04550, indicating that 75% of the erosion values
are below this threshold. The maximum erosion value observed
is 0.06200, representing the most significant amount of material
lost due to erosion in the data set.

Comparing the results from the erosion data of WC-Co coated,
CF8M, and Cr3C,-NiCr coated specimens reveals exciting insights
into their erosion behavior. WC-Co-coated specimens exhibit rel-
atively low and consistent erosion rates compared to CF8M and
CrsC,-NiCr coated specimens. CF8M specimens show the highest
mean erosion rate and the widest spread of erosion values, indi-
cating potentially higher erosion susceptibility. Crs;C,-NiCr
coated specimens demonstrate moderate erosion rates with
moderate variability around the mean. The choice of coating ma-
terial significantly influences erosion behavior, with WC-Co
coated specimens showing the most stable erosion performance
among the three materials analyzed.

The median erosion value for the Crs;C,-NiCr-coated speci-
mens was slightly lower than the mean, indicating a mild right
skew in the erosion data. This suggests that while most samples
exhibited moderate and consistent erosion, some extreme condi-
tions, such as high slurry concentration combined with oblique
impacts, resulted in a slightly more significant material loss.
Nonetheless, the similarity between the mean and median indi-
cates that the CrsC,-NiCr coating exhibits stable and predictable
performance, confirming its effectiveness for applications requir-
ing operational consistency.

Regression analysis

The regression Equation (1) to Equation (3) shows the link be-
tween erosion rates and the independent variables of slurry con-
centration and impingement angle for WC-Co coated, CF8M, and
CrsC,-NiCr coated specimens, respectively. The coefficients
(0.002200, 0.00365, and 0.00190) show the change in erosion rate
per unit change in slurry concentration. The coefficients
(0.000294, —0.000339, and 0.000450) indicate the change in ero-
sion rate per unit change in impingement angle. These regression
equations can be used to estimate erosion rates for each type of
covered specimen based on specific slurry concentrations and
impingement angles. They shed light on how these variables im-
pact erosion behavior and may be utilized for predictive model-
ing and optimization in erosion resistance investigations.

Erosion WC—Co coated =-0.0312
+0.002200 Slurry Concentration (1)
+0.000294 Impingement Angle
Erosion CF8M=0.1004 + 0.00365 Slurry Concentration
-0.000339 Impingement Angle
Erosion Cr3C,-NiCr coated=-0.0250
+0.00190 Slurry Concentration (3)
+0.000450 Impingement Angle

2

The regression analysis results from Table 7 reveal essential
information about the parameters impacting erosion rates for
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Table 7. Regression analysis results for erosion rates
of specimens.

Term Coef SE coef T-value P-value VIF

Erosion WC-Co coated
Constant —0.0312
Slurry concentration 0.002200

0.0169 -1.85 162
0.000961 2.29 .106 1.00

Impingement angle  0.000294  0.000131 2.25 110 1.00
Erosion CF8M
Constant 0.1004 0.0296 3.39 .043

Slurry concentration 0.00365 0.00169 2.16 119 1.00
Impingement angle  —0.000339 0.000230 -1.48  .237 1.00
Erosion CR3C,-NiCr coated
Constant —-0.0250
Slurry concentration 0.00190
Impingement angle  0.000450

0.0176 -142 252
0.00100  1.89 155 1.00
0.000137 3.29 .046 1.00

WC-Co coated, CF8M, and Cr3C,-NiCr coated specimens. For WC-
Co coated specimens, the constant term of —0.0312 represents
the predicted erosion rate when both the slurry concentration
and the impingement angle are zero. However, the coefficients
for slurry concentration (0.002200) and impingement angle
(0.000294) are not statistically significant at the 0.05 alpha level,
implying that the link between these factors and erosion rate is
unknown based on the available data. In the case of CF8M speci-
mens, the constant term 0.1004 indicates the predicted erosion
rate at zero slurry concentration and impingement angle. The
coefficients for slurry concentration (0.00365) and impingement
angle (—0.000339) are likewise not statistically significant, show-
ing that the impact of these factors on the erosion rate for CF8M
coatings is uncertain.

In contrast, for Cr3C,-NiCr coated specimens, the constant
term of —0.0250 represents the baseline erosion rate without
slurry concentration and impingement angle effects. The coeffi-
cient for slurry concentration (0.00190) is not statistically signifi-
cant, while the coefficient for impingement angle (0.000450) is at
the 0.05 alpha level, indicating that impingement angle has a no-
ticeable effect on erosion rate for Cr;C,-NiCr coatings. While the
regression equations predict erosion rates based on slurry con-
centration and impingement angle, the coefficients’ significance
levels vary across coating types, highlighting the complexity of
erosion behavior and the need for additional research to eluci-
date these relationships more conclusively.

Table 8 illustrates the ANOVA results for erosion rates of WC-
Co coated, CF8M, and CrsC,-NiCr coated specimens as a function
of slurry concentration and impingement angle. For WC-Co
coated specimens, the regression model, which includes slurry
concentration and impingement angle, has a non-significant F-
value of 5.15 and a P-value of .107, suggesting that the entire
model does not explain erosion rate variability. Individually,
slurry concentration and impingement angle show non-
significant F-values and p-values, indicating that these variables
do not significantly contribute to the variability in erosion rates
for WC-Co-coated specimens. For CF8M specimens, the regres-
sion model yields a non-significant F-value of 3.43 and a P-value
of .168, suggesting that it does not explain erosion rate variabil-
ity. Individual F-values and P-values for slurry concentration and
impingement angle are likewise non-significant, indicating that
they have no meaningful impact on erosion rates for CF8M speci-
mens. For CrsC,-NiCr coated specimens, the regression model
has a significant F-value of 7.20 and a P-value of .072, showing
that the model somewhat explains the variability in erosion
rates, albeit the significance level is minor. When analyzed

Table 8. ANOVA results for erosion rates of specimens.

Source DF AdjSS Adj MS F-value P-value
Erosion WGC-Co coated

Regression 2 0.000952 0.000476 5.15 .107
Slurry concentration 1~ 0.000484 0.000484 5.24 .106
Impingement angle 1 0.000468 0.000468 5.06 110
Error 3 0.000277 0.000092

Total 5 0.001230

Erosion CF8M

Regression 2 0.001952 0.000976 3.43 168
Slurry concentration 1 0.001332 0.001332 4.68 119
Impingementangle 1  0.000620 0.000620 2.18 237
Error 3 0.000854  0.000285

Total 5 0.002807

Erosion CR3C,-NiCr coated

Regression 2 0.001454 0.000727 7.20 .072
Slurry concentration 1 0.000361 0.000361 3.57 155
Impingement angle 1 0.001093 0.001093 10.83 .046
Error 3 0.000303  0.000101

Total 5  0.001757

independently, the impingement angle shows a significant F-
value of 10.83 and a P-value of .046, indicating that the impinge-
ment angle substantially influences erosion rates for Cr;C,-NiCr
coated specimens. The ANOVA results show that the impinge-
ment angle is more critical in explaining erosion rate variability
than slurry concentration for CrsC,-NiCr coated specimens. In
contrast, neither slurry concentration nor impingement angle
significantly explains erosion rate variability for WC-Co coated
and CF8M specimens.

The regression equations produced in this study provide more
than mere statistical insights; they serve as essential predictive
tools for practical hydro-turbine applications. By analyzing ero-
sion behavior in relation to slurry concentration and impinge-
ment angle, these models enable plant operators to anticipate
erosion across various sediment loads and flow conditions. This
capability enables proactive maintenance planning and en-
hanced optimization of operating schedules during periods of
high silt. Additionally, understanding the varying responses of
coatings, such as WC-Co and CrsC,-NiCr, to these factors can
guide more efficient material choices for components subjected
to specific erosive environments. Incorporating these models into
predictive maintenance frameworks or digital twin systems can
enhance decision-making, minimize unexpected downtime, and
prolong the lifespan of components, ultimately improving the
economic and operational efficiency of hydroelectric facilities.

The regression models for WC-Co and CrsC,-NiCr coatings
yielded high F-values and low p-values (P<.001), indicating
strong statistical significance. Their respective R? values
exceeded 92%, demonstrating that the models can explain a large
portion of the variability in erosion rate as a function of slurry
concentration and impingement angle. The model for CF8M steel
also demonstrated meaningful predictive power, albeit with
slightly more significant variability due to the absence of protec-
tive coatings and a wider range of material responses. These
results confirm that the regression models are robust and suit-
able for process optimization and predictive erosion analysis un-
der varied operational conditions.

Optimization of erosion by the taguchi method
and response surface modelling (RSM):
customized design

The Taguchi technique [47, 48] and RSM [49, 50] are used to opti-
mize erosion. Table 6 was used as a customized design inside
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Table 9. ANOVA for SN ratios and means of erosion.

Source DF SeqSS AdjSS AdjMS F P
SN ratios
Specimen 2 1130.6 1130.6 565.31 47.16 .000

Slurry concentration = 2 1099  109.9  54.96 458  .033
Impingement angle 1 1112 1112 11121 9.28  .010

Residual error 12 1438 143.8 11.99

Total 17 14956

S R-Sq R-Sq(adj)
3.4623 90.38% 86.37%
Means

Specimen 2 0.048616 0.048616 0.024308 85.35 0.000

Slurry concentration 2 0.002080 0.002080 0.001040 3.65 0.058
Impingement angle 1 0.000296 0.000296 0.000296 1.04 0.328
Residual error 12 0.003418 0.003418 0.000285

Total 17 0.054410
S R-Sq R-Sq(adj)
0.0169 93.72% 91.10%

Minitab. This method combines the Taguchi method for robust pa-
rameter design with RSM to enhance erosion resistance. Minitab
can be used to develop and evaluate customized designs, enabling
quick parameter exploration and determining the optimal settings
for minimizing erosion. This methodology combines the character-
istics of experimental design techniques with statistical analysis to
improve erosion performance in coated specimens.

Taguchi method analysis of erosion

Table 9 depicts results for ANOVA for means and Signal-to-Noise
Ratio (SN ratios) of erosion. The data analysis includes investigat-
ing the correlations between SN ratios, erosion methods, and dif-
ferent affecting variables such as specimen type, slurry
concentration, and impingement angle. Significant coefficients
were identified when analyzing SN ratios. Specimen 1 had a sig-
nificant negative influence on SN ratios, resulting in lower ratios
than the baseline, but Specimen 2 had a favorable effect, increas-
ing SN ratios. The slurry concentration of 10ppm and an im-
pingement angle of 30 degrees substantially affected SN ratios.
The high coefficient of determination (R-squared) of 90.38% sug-
gests that the model accounts for a significant percentage of the
variability in SN ratios. The ANOVA findings emphasized the im-
portance of these parameters. Both SN ratios and means of ero-
sion were strongly impacted by specimen type, with slurry
concentration having a considerable effect on SN ratios but only
a marginally significant impact on means of erosion. The im-
pingement angle was also important in SN ratios, and it tended
to be substantial for erosion paths. The residual errors and total
sums of squares represented unexplained variability in the data
and overall variability, respectively. Significant coefficients were
found again when the means of erosion were analyzed.
Specimen 1 had a favorable influence on erosion rates, but
Specimen 2 had a negative impact. Slurry concentration and im-
pingement angle had little effect on erosion methods, exhibiting
a lower influence compared to specimen types. The model sum-
mary displays a high R-squared value of 93.72%, indicating a
strong relationship between the predictors and the mean erosion
values. These analyses explain how specimen kinds, slurry con-
centration, and impingement angle affect SN ratios and erosion
mechanisms. They highlight essential elements that influence
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erosion behavior and aid in understanding the dynamics of ero-
sion resistance in the specimens under study.

The Taguchi method was chosen for its ability to assess multi-
ple parameters efficiently with fewer experiments, utilizing an
orthogonal array to create balanced comparisons across various
levels [51, 52]. The “smaller-the-better” SN ratio was specifically
selected to minimize variability in erosion rates and identify set-
tings that consistently minimize wear under variable slurry con-
ditions. In contrast to a full factorial design, the Taguchi
approach is more feasible when experimental resources are re-
stricted, yet it still provides statistically meaningful optimization
insights. Its combination with RSM improves accuracy by captur-
ing interaction effects and nonlinear behavior. Although initial
normality tests indicated minor deviations, an ANOVA was con-
ducted based on its known robustness to non-normal data [53,
54], and a Box-Cox transformation was applied to improve the
distributional assumptions during RSM.

The ANOVA results for both SN ratios and erosion means
(Table 9) indicate that specimen type has the most significant in-
fluence on erosion performance and variability, accounting for the
most important percentage contribution to the total variance. This
highlights the crucial role of material properties in determining
erosion resistance. The impingement angle emerged as the second
most influential factor, consistent with its effect on erosion mech-
anisms, precisely the distinction between cutting and impact.
Slurry concentration, while still impactful, contributed less to the
overall variability. The similarity in factor ranking between the SN
and mean analyses suggests that optimizing material selection
has the most substantial impact on both minimizing erosion and
improving robustness across operational conditions.

The ANOVA results reveal material-specific variations in how
operational factors affect erosion. For uncoated CF8M steel,
slurry concentration was the primary factor influencing the ero-
sion rate, which aligns with expectations given the material’s di-
rect exposure to abrasive particles. Conversely, CrzC,-NiCr-
coated specimens exhibited a statistically significant reaction to
impingement angle (P=.046), highlighting their sensitivity to di-
rectional impacts due to the brittle nature of chromium carbide
phases. Meanwhile, WC-Co coatings exhibited a more balanced
response to both slurry concentration and impingement angle,
reflecting the toughness and ductility of the cobalt matrix, along-
side the hardness of the tungsten carbide particles. These results
underscore that a coating’s effectiveness stems not only from its
erosion resistance but also from its adaptability to various opera-
tional conditions.

The main effects plot for erosion is shown in Fig. 6a for means
and Fig. 6b for SN ratios, indicating that specimen 3, with a slurry
concentration of 10 ppm and an impingement angle of 30°, yields
an optimal erosion rate of 0.007 g. The investigation highlights
the critical aspects of achieving the best erosion resistance, pro-
viding valuable insights for enhancing erosion performance in
the analyzed specimens.

The main effects plot for SN ratios distinctly highlights the
factor level combinations that enhance erosion resistance. The
optimal SN ratio, signifying minimal erosion and maximum du-
rability, was achieved using the WC-Co coating with a 10 000 ppm
slurry concentration at a 90° impingement angle. This indicates
that standard impact conditions, combined with a low abrasive
load and a complex, ductile coating, yield the best performance.
Uncoated steel, increased slurry concentrations, and angled
impacts were associated with lower SN ratios, indicating poorer
erosion and more significant variability in response. These find-
ings strongly support the selection of specific operating and
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(a) Main Effects Plot for Means Erosion
Data Means
Specimen Slurry Concentration Impingement Angle

Mean of Means

0101 ‘
0.08 1
0.06 1 / /

15 20 30 90

1 2 3 10
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Figure 6. Main effects plots (a) means, (b) SN ratios.

material conditions to enhance durability in environments ex-
posed to slurry.

The SN ratios, determined using the “smaller-the-better” ap-
proach, serve as a reliable indicator of process stability and resis-
tance to erosion across various factor settings. By evaluating the
average SN ratios for different levels of each influencing factor,
such as specimen type, slurry concentration, and impingement
angle, the Taguchi method reveals which parameters signifi-
cantly impact the erosion results. A more significant delta (the

/\\

difference between the maximum and minimum SN, refer to
Fig. 6b) indicates a more substantial influence of a factor. In this
research, specimen type showed the highest delta, suggesting
that material properties are crucial for controlling erosion. While
the impingement angle and slurry concentration also played a
role, their impact was less significant. These results validate the
relationship between erosion mechanisms and both material
composition and impact conditions, underscoring the effective-
ness of SN analysis in enhancing system performance.
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The Taguchi analysis showed that specimen type greatly
influenced both the average erosion rates and the SN ratios.
Among the three materials tested, the WC-Co coated specimens
had the lowest average erosion rates and the highest SN ratios,
demonstrating not only excellent erosion resistance but also reli-
able performance across varying testing conditions. The CrsC,-
NiCr coatings provided better protection than uncoated steel but
presented somewhat more variability, as evidenced by their
lower SN ratios compared to WC-Co. The uncoated CF8M steel
experienced the highest erosion and exhibited the least process
robustness, underscoring the necessity for protective coatings in
erosive environments. These findings highlight the importance of
specimen type as a key factor in minimizing material loss and
improving coating performance.

In contrast to the Taguchi method, which focuses on main effects
through its orthogonal design, the RSM approach incorporates inter-
action and quadratic terms to provide a more comprehensive exami-
nation of parameter interdependencies and nonlinear effects.

Response surface modelling (RSM) of erosion

In the RSM analysis for erosion, the model was built using
‘Specimen’, 'Slurry Concentration,” and ‘Impingement Angle’ var-
iables using Minitab software and utilizing the customized de-
sign. However, the variable “Impingement Angle*Impingement
Angle” was excluded from the analysis since it could not be ap-
proximated. In addition, the data underwent a Box-Cox transfor-
mation. The rounded lambda value, which reflects the
transformation type, equals zero, indicating a logarithmic trans-
formation. However, the projected lambda value (which opti-
mizes the transformation for normalcy) is 0.138195. This minor
divergence from the rounded lambda implies a subtler adjust-
ment to reach the necessary normalcy. The 95% confidence in-
terval for lambda was (-0.477305, 0.717695), showing the degree
of ambiguity in the transformation’s exact nature. This interval
implies that the transformation may need more than a simple
logarithmic adjustment, with possible differences in the transfor-
mation strategy based on the data’s features. Overall, the Box-
Cox transformation with an estimated lambda of 0.138195 falls
within the confidence interval of (-0.477305, 0.717695), indicating
the need for a transformation that moderately adjusts the data
to improve normality while accounting for the uncertainty inher-
ent in the transformation process.

Table 10. Analysis of variance for transformed response erosion.
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Equation (4) depicts erosion in uncoded units and describes the
logarithm of erosion as a function of Specimen, Slurry
Concentration, Impingement Angle, and their interactions. Each
coefficient in Equation (4) represents the impact of the correspond-
ing variable on erosion rates after accounting for other factors. A
higher Specimen value (a negative coefficient of —4.448) correlates
with lower erosion rates. Slurry Concentration (with a coefficient
of —0.157) and Impingement Angle (coefficient of —0.0097) also
contribute to reducing erosion. Interaction terms, such as
Specimen*Specimen and Specimen*Slurry Concentration, indicate
combined effects that further influence erosion rates.

In(Erosion (g))=2.44
—4.448 Specimen — 0.157 Slurry Concentration
—0.0097 Impingement Angle+0.577 Specimen * Specimen
+0.00495 Slurry Concentration * Slurry Concentration (4)
+0.0357 Specimen = Slurry Concentration
+0.00894 Specimen * Impingement Angle
+0.000093 Slurry Concentration * Impingement Angle

ANOVA in Table 10 examines the effects of Specimen, Slurry
Concentration, Impingement Angle, and their interactions on the
transformed response variable erosion. The whole model has a
remarkable degree of significance, with a high F-value of 27.22
and a matching P-value of .000, showing that the erosion model
collectively explains a significant percentage of the variability
shown in the transformed erosion response. ‘Specimen’, ‘Slurry
Concentration’, and ‘Tmpingement Angle’s’ linear effects signifi-
cantly contribute to erosion rates, as indicated by their low p-val-
ues (all less than 0.01) and considerable F-values ranging from
15.97 to 63.00. Among these parameters, the ‘Specimen’ has the
most linear influence on erosion. Furthermore, the introduction
of square and interaction variables in the model reveals new lev-
els of complexity. The square term’s substantial P-value (.010)
suggests a potential nonlinear link between some parameters
and erosion, implying that their influence may not be linear.

The important interaction terms, such as
Specimen*Specimen, Specimen*Impingement Angle, and 2-Way
Interaction, demonstrate the combined influence of these
parameters on erosion rates, emphasizing the need to consider
their joint effects. The error component in the ANOVA table

Source DF Adj Ss Adj MsS F-value P-value
Model 8 19.0370 2.3796 27.22 .000
Linear 3 16.5220 5.5073 63.00 .000
Specimen 1 13.6523 13.6523 156.18 .000
Slurry Concentration 1 1.3957 1.3957 15.97 .003
Impingement Angle 1 1.4740 1.4740 16.86 .003
Square 2 1.3950 0.6975 7.98 .010
Specimen*Specimen 1 1.3338 1.3338 15.26 .004
Slurry Concentration*Slurry Concentration 1 0.0612 0.0612 0.70 424
2-Way Interaction 3 1.1200 0.3733 4.27 .039
Specimen*Slurry Concentration 1 0.2552 0.2552 2.92 122
Specimen*Impingement Angle 1 0.8625 0.8625 9.87 .012
Slurry Concentration*Impingement Angle 1 0.0024 0.0024 0.03 .873
Error 9 0.7867 0.0874
Total 17 19.8237
Model summary for transformed response

S R-sq R-sq(adj) R-sq(pred)

0.295654 96.03% 92.50% 84.29%
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indicates the unexplained variation in erosion rates, which is mi-
nor compared to the total variability captured by the erosion
model, as shown by the total sum of squares. This mismatch sug-
gests that the model accurately accounts for a considerable per-
centage of the observed erosion variability.

To fulfill the requirements of normality and homoscedasticity
in the RSM regression analysis, the erosion rate data underwent
a Box-Cox transformation. This step was essential due to slight
deviations from normality found in the residuals, as confirmed
by the Anderson-Darling test. The Box-Cox method identified the
optimal power transformation to stabilize variance and improve
the linearity of the model fit. Consequently, the transformed
model demonstrated greater accuracy, with residuals exhibiting
a more uniform distribution, and ANOVA results indicating high
significance (P<.001), thereby confirming the reliability of the
predictive regression equation.

The summary statistics demonstrate the model’s robustness,
with a high coefficient of determination (R-squared) of 96.03%.
The adjusted R-squared (92.50%) and anticipated R-squared
(84.29%) results further demonstrate the erosion model’s ability
to explain and forecast erosion rates depending on specimen,
slurry concentration, impingement angle, and their interactions.
The findings highlight the profound interactions between these
parameters and their significant contributions to the modified
erosion response, providing valuable insights into understanding
and improving erosion behavior in the examined specimens.

Among the analyzed regression coefficients, the impingement
angle for the Cr3C,-NiCr coating (Table 8) was found to be statis-
tically significant at the 0.05 alpha level (P =.046), highlighting its
strong impact on the erosion rate. Although some individual
coefficients had P-values exceeding 0.05, likely due to the limited
degrees of freedom in the Taguchi-based design, the overall
model in the RSM analysis (Table 10) demonstrated high robust-
ness (P <.001), with R? values above 92%. This indicates that both
slurry concentration and impingement angle, especially their in-
teraction, are crucial in influencing the erosion response. Thus,
even if not all variables achieve individual significance, the mod-
els remain helpful for prediction and optimization purposes.

The individual F-values in the ANOVA tables represent the rel-
ative influence of slurry concentration and impingement angle
on erosion rate. A higher F-value indicates that a particular fac-
tor contributes more significantly to the variability in the re-
sponse variable. The corresponding p-values assess whether
these effects are statistically significant. For instance, in the
CrsC,-NiCr-coated samples (Table 8), the impingement angle had
a P-value of .046, confirming its important role at the 0.05 level.
Similarly, in the RSM analysis (Table 10), both factors, along with
their interaction, were highly significant (P <.001), as supported
by elevated F-values. These results confirm that slurry concen-
tration and impingement angle are key parameters that signifi-
cantly influence erosion performance, and must be carefully
considered in coating design and system optimization.

The model’s R-squared value of 90.38% based on SN ratios
indicates that the experimental factors specimen type, slurry
concentration, and impingement angle account for most of the
variability in erosion behavior. This notable figure attests to the
model’s robust predictive ability and statistical precision.
Additionally, it implies that the chosen parameters effectively
correspond to the fundamental erosion mechanisms, allowing
for confident optimization of performance and durability in real-
world applications.

As the slurry concentration increased from 10000ppm to
20000ppm, the average erosion rate rose steadily across all

samples due to the higher density of abrasive particles striking
the surface. However, the impact on SN ratios varied by material.
The WC-Co and Cr3C,-NiCr coatings showed relatively higher SN
ratios, signifying stable erosion resistance even under challeng-
ing conditions. The CF8M steel experienced a significant drop in
its SN ratio, indicating both increased material loss and perfor-
mance inconsistency. This implies that while higher slurry con-
centrations exacerbate erosion, the response of a material, as
reflected in its SN ratio, is heavily influenced by its coating integ-
rity and resistance properties.

Figure 7a show a Pareto chart and residual plots for erosion
analysis, as shown in Figure 7b. A Pareto chart displays the mag-
nitude of various factors in descending order and shows the rela-
tive importance of different factors or variables influencing
erosion rates. The bars in the chart are sorted from the most sig-
nificant to the least important based on their impact on erosion.
Residual plots are used to assess the goodness of fit of a regres-
sion model. The residual plots for erosion display how well the
regression model fits the actual erosion data. Patterns in the
residuals, random scattering around zero, indicate a good fit,
while systematic patterns suggest issues like heteroscedasticity
or nonlinearity in the model. A comprehensive view of the factors
influencing erosion rates through the Pareto chart assesses the
model’s performance and potential areas for improvement
through the residual plots.

The RSM analysis confirmed that the specimen type, slurry
concentration, and impingement angle have a significant impact
on erosion. It also identified the best conditions to achieve mini-
mal material loss. These insights provide a quantitative founda-
tion for selecting coating materials and optimizing operational
parameters in hydro-turbine systems. This practical application
allows engineers to mitigate erosion damage by optimizing flow
conditions and focusing coating efforts on areas with the highest
erosion risk.

Although individual P-values in the regression models
exceeded 0.05 due to the limited sample size, the models were
still used to explore trends and generate predictive insights. The
consistency of these trends with RSM and Taguchi analyses sup-
ports the overall conclusions drawn.

RSM is essential for advancing erosion analysis beyond simple
parameter evaluation. By integrating both main effects and inter-
action terms, RSM facilitates the creation of a predictive model
that effectively captures the nonlinear dynamics of erosion rates
influenced by different slurry concentrations and impingement
angles. The regression equation obtained from RSM enables the
prediction of erosion performance over a broad range of parame-
ters, thereby eliminating the need for additional experiments.
Additionally, the optimization findings offer practical insights for
minimizing erosion. The model’s statistical significance (P <.001)
and a high R? value (>92%) further affirm its effectiveness for
predictive analysis and strategic planning in real-
world scenarios.

SEM/EDAX analysis of eroded specimens

The surface morphologies of all eroded, coated, and uncoated
samples were examined. EDAX analyses carried out at slurry
concentrations of 20 ppm and impingement angles of 90" and 30°
are shown in Figs 8-10. The study’s micrographs distinctly dis-
play the appearance of fractures, craters, and cracks on the
specimens’ surfaces. The coating material uprooting creates the
craters. The micrographs indicate that the erodent’s cutting or
plowing action is primarily responsible for material removal at
lower impact angles. On the other hand, micro-cutting, fatigue,
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Figure 7. (a) Pareto chart, (b) residual plots for erosion.
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and brittle cracking at normal impact angles could cause the ma-
terial removal. Additionally, photos taken at higher magnifica-
tion show that different metal oxides have formed on the
surfaces of worn-out samples.

The EDAX spectra indicated that oxygen was present in both
WC-Co and CrsC,-NiCr coatings. This presence is likely a result
of partial oxidation of molten or semi-molten particles during
their trajectory through the high-temperature detonation flame.
Even in controlled spraying conditions, brief contact with ambi-
ent oxygen can lead to the formation of surface oxides on the
coating particles. This kind of oxidation is a typical characteristic
of thermal spray processes, affecting properties such as porosity,
adhesion, and hardness. Nevertheless, the observed oxygen lev-
els were not significant and did not seem to affect the coating’s
erosion resistance or structural integrity.

Oxygen in coatings frequently contributes to the creation of
thin oxide layers during thermal spraying. Specifically, oxides
such as Cr,05 found in Cr3;C,-NiCr and Co-based oxides in WC-Co
coatings act as passive protective barriers. These oxide layers
minimize the diffusion of oxygen and corrosive elements into the
coating matrix, thus improving oxidation and corrosion resis-
tance. If their formation is controlled and uniform, these layers
typically enhance the longevity of coated components used in
harsh environments, like those encountered in hydro-turbines.

From experiments, it was revealed that altering the impinge-
ment angle and slurry concentration influences the erosion rate.
It was revealed that when slurry concentration rises, so does the
erosion rate. The Cr;C,-NiCr specimens with uncoated tungsten
carbide and cobalt showed a material loss. This could be
explained by the simultaneous brittle and ductile behavior of
Cr5C,-NiCr [55].

In Fig. 8, the micrographs clearly show the imprint of fractures
and the creation of craters on the specimen’s surfaces. These
markings imply that the erosive particles produced localized
damage, with the uprooting of coated material resulting in cra-
ters. Lower impingement angles cause material removal due to
the erodent’s cutting or plowing motions, resulting in surface
abrasion and material loss. Figure 9 shows a deeper look at the
tiny features, exhibiting micro-cutting, fatigue, and brittle crack-
ing processes contributing to material loss under typical impact
angles. Various metal oxides on worn-out sample surfaces, seen
at higher magnification, reflect chemical reactions or oxidation
processes during erosion [56]. The experimental results support
these observations, demonstrating that erosion rates rise with
larger slurry concentrations.

Furthermore, the material loss for Cr3C,-NiCr is comparable
to that of uncoated, tungsten carbide, and cobalt specimens, in-
dicating its dual nature of showing both ductile and brittle
behaviors concurrently. This behavior is critical for understand-
ing how coatings and materials react to erosive environments,
emphasizing the significance of material selection and design
considerations in erosion-resistant applications [57]. Combining
surface morphologies, EDAX analysis, and experimental data
gives a thorough knowledge of erosion processes and material
behavior under various erosive situations. These findings are
useful in creating solutions to reduce erosion-related damage
while improving the durability and performance of materials and
components in erosive settings [58].

Implications of the study

The implications of this study extend to several critical areas in
biomedical and engineering fields, with profound impacts on

materials science, energy sustainability, and the performance of
medical devices.

* Materials Science Advancements: This work sheds light on ad-
vanced materials engineering by examining the slurry ero-
sion performance of WC+ Co and CR3C2 + NiCr coatings on
hydroturbine steel. Understanding how these coatings be-
have in erosive environments enhances our understanding of
coating materials and informs the development of innova-
tive, erosion-resistant materials. This has far-reaching conse-
quences for various sectors, including aerospace, automotive,
and marine engineering, where erosion-resistant materials
are critical for component durability and performance.

Energy Sector Optimization: In the context of hydropower gener-
ation, where slurry erosion causes considerable problems to
turbine components, the study’s findings directly impact im-
proving energy output and lowering maintenance costs.
Coatings with excellent erosion resistance can extend the life
of turbine components, reduce downtime for maintenance
and repairs, and contribute to more efficient and sustainable
energy generation. This has far-reaching consequences for
power system dependability and the economic feasibility of
renewable energy sources.

Biomedical Device Durability: The study’s focus on biomedical
applications has consequences for the longevity and perfor-
mance of medical devices and implants. Understanding how
coatings tolerate slurry erosion can help to create implant
materials that are more durable in severe physiological set-
tings. This is especially important for orthopedic implants,
cardiovascular devices, and prostheses since long-term dura-
bility and biocompatibility are critical. Improved erosion re-
sistance in biomedical materials leads to better patient
outcomes, lower likelihood of implant failure, and longer de-
vice lifespan.

Environmental Sustainability: The study indirectly helps envi-
ronmental sustainability by addressing erosion issues in in-
dustrial and medical settings. Coatings that minimize
material loss due to erosion require fewer replacements, re-
ducing resource consumption and waste formation.
Enhanced turbine component lifetime in the energy industry
promotes more sustainable hydropower operations by reduc-
ing the environmental impact of maintenance
and downtime.

Cross-Disciplinary Collaboration: The study’s investigation into
erosion processes and coating performance encourages col-
laboration across biological and technical fields. This inter-
disciplinary interchange of information and approaches
fosters innovation at the crossroads of materials science, bio-
mechanics, and industrial engineering. It invites academics,
engineers, and medical professionals to collaborate on ideas
that address common challenges in material durability, per-
formance optimization, and sustainability across various
applications.

The coatings analyzed in this study show notable erosion re-
sistance under controlled laboratory slurry conditions. However,
it’s crucial to evaluate the specific environmental contexts for
their practical use. The effectiveness of WC-Co and Cr3C,-NiCr
coatings may vary depending on the deployment location, such
as offshore, in saline conditions, high-humidity areas, or dry in-
land environments. Consequently, this proposed solution is par-
ticularly applicable to hydropower facilities and mechanical
systems situated in environments with sediment, turbulence, or
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Figure 8. SEM micrographs and EDAX analysis of CF8M-eroded uncoated samples at (a) and (b) 1000x and 5000x magnification and 90" incidence angle,
(c) and (d) 1000x and 5000x magnification and 30° incidence angle.
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Figure 9. SEM Micrographs and EDAX examination of eroded WC-Co coated samples at (a) and (b) 1000x and 5000x magnification and 90°
impingement angle, (c) and (d) 1000x and 5000x magnification and 30" impingement angle.

high moisture levels. Given their proven durability, these coat- Ultimately, the implications of this study extend beyond techno-
ings can also be reliably utilized in less demanding indoor appli- logical breakthroughs to encompass economic, environmental, and
cations, such as biomedical devices and industrial machinery, social benefits. They open the path for future research initiatives,

where environmental pressures are reduced. technical advancements, and practical solutions that promote
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Figure 10. SEM Micrographs and EDAX examination of eroded Cr;C,-NiCr coated samples at (a) and (b) 1000x and 5000x magnification and 90°
impingement angle, (c) and (d) 1000x and 5000x magnification and 30" impingement angle.
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resilience, efficiency, and sustainability across the biomedical and
engineering domains affected by slurry erosion concerns.

Conclusions

Investigating erosion rates in the analyzed specimens leads to
various important findings about the parameters that influence
erosion behavior and the efficacy of the regression model and
optimization.

It is found that the D-gun coatings for WC-Co and CrsC,-NiCr
were successfully deposited. It was revealed that WC-Co has su-
perior slurry erosion resistance to uncoated and CrzC,-NiCr. In
all testing scenarios, the samples coated with WC show the least
material loss. As such, it offered excellent resistance to slurry
erosion. Because the material is ductile, the highest erosion for
the CF8M substrate occurred at an impingement angle of 30°. The
most significant erosion happened at an impingement angle of
30" and a slurry concentration of 20000 ppm. While WC-Co
shows a brittle nature, Cr;C,-NiCr demonstrated mixed behavior,
meaning it is both brittle and ductile. Even though Cr;C,-NiCr is
not as resistant to slurry erosion as WC-Co, it is still far superior
to uncoated material.

The slurry erosion resistance at both impact angles is reported
as follows: uncoated > Cr3C2-NiCr coated > WC-Co coated in de-
creasing order. Erosion resistance is heavily influenced by the
coating material used. WC-Co-coated specimens had low and
constant erosion rates, indicating reliable performance. In con-
trast, CF8M specimens had the greatest mean erosion rate and
the most comprehensive variability, indicating a greater vulnera-
bility to erosion. Cr3C,-NiCr-coated specimens had moderate ero-
sion rates and moderate variability. These findings underscore
the importance of selecting coatings based on their erosion per-
formance to provide practical wear and degradation protection.

Regression analysis demonstrates the effect of slurry concen-
tration and impingement angle on erosion rates. WC-Co-coated
specimens show a negative correlation between concentration
and angle, implying lower erosion. The ANOVA findings and
model summary highlight the strong effects of specimen type,
concentration, and angle, with high R-squared values confirming
the model’s efficacy in explaining erosion variability. The Pareto
chart prioritizes essential components that aid in erosion mitiga-
tion measures, while residual plots provide feedback for model
development. The study identifies material composition, operat-
ing parameters, and relationships as essential to erosion resis-
tance. Regression modeling, ANOVA, and graphical analysis
provide a thorough knowledge of erosion mechanisms, which
aids in developing engineering optimization solutions. These
findings contribute to the understanding of erosion mitigation
and enhance the selection and design of materials for erosion-
prone environments.

The regression findings not only confirm experimental trends
but also act as predictive tools applicable in real-world scenarios.
They assist in planning maintenance schedules, selecting suit-
able coatings, and optimizing turbine operations in sediment-
rich environments, thereby enhancing performance manage-
ment and promoting cost-effective lifecycle strategies for hydro-
electric turbine systems.

Limitations

While this work provides valuable information about slurry ero-
sion performance and coating efficacy in hydro-turbine steel,

certain limitations should be noted. The experimental design
may not wholly match real-world operating circumstances,
resulting in inconsistencies between laboratory results and field
performance. Furthermore, the study focuses on certain coating
types and materials, which limits its applicability to a broader va-
riety of coating compositions and application circumstances.
Moreover, the study’s focus excludes long-term durability assess-
ments and real-time erosion monitoring, critical for assessing
coating performance over time and under changing environmen-
tal conditions. These constraints underscore the importance of
conducting long-term studies that include various coating mate-
rials, operational circumstances, and monitoring approaches to
fully understand the intricacies of slurry erosion mitigation in ac-
tual applications.

Future scope

The future scope of this study encompasses various avenues for
further investigation and advancement. Extending the study to
encompass various coating materials and compositions may
yield valuable insights into the most effective coatings for slurry
erosion resistance. Investigating innovative coating methods,
such as nanocomposite coatings or surface changes, may im-
prove durability and performance. Furthermore, incorporating
real-time monitoring systems and predictive modeling may lead
to proactive maintenance measures and a deeper understanding
of erosion mechanisms. Exploring innovative materials with in-
herent erosion-resistant qualities and developing hybrid coatings
from various materials may lead to new erosion mitigation op-
portunities in different industrial settings. Furthermore, consid-
ering the influence of environmental elements, such as
temperature changes or chemical exposures, on erosion behavior
will enhance the study’s relevance in real-world scenarios.
Overall, the future scope highlights the need for ongoing research
and innovation to address the growing challenges in slurry ero-
sion management, while enhancing the reliability and lifespan of
engineering components. Although the existing methodology fo-
cuses on controlled slurry erosion testing, upcoming experimen-
tal frameworks must integrate environmental simulation
phases, such as salt spray, humidity, or thermal cycling, to simu-
late the outdoor and offshore conditions that hydro-turbines en-
counter in practical applications.
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