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The study explores the impact of detonation frequency (3 and 6 Hz) on the temperature-dependent linear
reciprocating wear behavior of Ni-20%Cr coatings deposited by detonation spraying on a nickel-based
superalloy (IN718). Dry sliding experiments were carried out at both ambient (25 �C) and high (420 �C)
temperatures, using an alumina (Al2O3) ball as the counter material and different loads (5, 10, and 20 N).
HV0.2 microhardness indentations were used to test material hardness variations attributed to heat expo-
sure. X-ray diffraction (XRD), Raman spectroscopy, and field emission scanning electron microscopy with
energy-dispersive spectroscopy (FESEM with EDS) were used to investigate the wear characteristics and
mechanisms. Furthermore, surface roughness and profiles of worn surfaces (including track depth,
breadth, and wear volume) enabled the calculation of wear rates using confocal optical 3D profilometry.
The results showed the 6 Hz Ni-20%Cr coating showed better wear resistance than the 3 Hz coating.
However, a higher wear rate and low friction coefficient at 420 �C were observed due to partial oxide
particles, which were insufficient to restrict direct ball-to-metal contact. The research delves into wear
maps, tribolayer formation, wear mechanisms, and sub-mechanisms.
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1. Introduction

Inconel 718 (IN718) is one of the most widely preferred
nickel-based superalloys due to its higher yield strength at room
temperature and high-temperature range than other alloys (Ref
1). Due to its excellent mechanical characteristics at high
temperatures, it is used in various industries, including
aerospace, oil and gas, gas turbine, and military (Ref 2, 3).
However, IN718 often exhibits poor resistance to hot corrosion
environments, leading to component fatigue, wear, and poten-
tial failure (Ref 4). A study on various materials, including
cobalt-based alloys, iron-based alloys, and Inconel superalloys,
has discovered that cobalt- and iron-based alloys have superior
wear resistance at room temperature. The interface oxide of
cobalt (Co)- and iron (Fe)-based superalloys effectively
enhances their wear resistance (Ref 5). Reducing friction and
minimizing wear is crucial for global energy savings (Ref 6).

Thermal spray coating prevents wear and material loss,
ensuring reliable protection against corrosion, oxidation, and

wear while maintaining thermal efficiency in various applica-
tions (Ref 7-9). Detonation spray coating (DSC) offers good
adhesive bonding, lower porosity, denser microstructure, and
compressive residual stresses among the thermal spray tech-
niques (Ref 10-12).

Gas turbine parts must be effectively worn prevention for
high-temperature applications, such as oil-free journal bearings
running at 500 �C (Ref 13). More instances of gas turbine parts
contacting each other slidingly at high temperatures exist.
Plasma spray coating with unique powder mixtures combining
NiCr, Cr2O3 hard phase, and solid lubricants provides the
protective coatings recommended for such applications (Ref 13,
14). In high-temperature conditions, oxides of various types
have been used as additives to enhance Ni-based composites’
friction and wear properties. (Ref 15-17). These oxides can act
as lubricants or strengthening agents, influencing the mechan-
ical and wear characteristics of Ni-based composite coatings at
high temperatures while also ensuring stability in severe
conditions (Ref 18-20). However, there are insufficient studies
on whether nickel-based coatings can withstand friction and
wear across a wide temperature range.

Observations at average/typical temperatures have indicated
simultaneous abrasion, plastic deformation, and surface fatigue
in frictional contacts (Ref 7). However, the working temper-
ature is insufficient to properly grind the worn debris, resulting
in substantial wear and severe abrading of the three bodies due
to subsequent oxidation (Ref 21). The wear shifts from extreme
to moderate when the temperature reaches a certain level. This
shift is related to the development of a significant oxide film,
known as ‘‘glaze,’’ due to tribo-sintering, which involves the
formation of an oxide film from oxide debris (Ref 22).

The study reveals that as temperature increases, the
unidirectional dry sliding wear behavior of Ni-20%Cr coatings
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decreases due to the formation of composite layers. Besides, the
temperature-dependent material parameters that can affect the
linear reciprocating wear resistance of Ni-20%Cr coatings at
high temperatures include hardness, coefficient of thermal
expansion (CTE), oxidation resistance, grain size, microstruc-
ture, and phase transformations (Ref 23). The linear recipro-
cating dry sliding wear test assesses materials wear resistance
and behavior in a dry sliding, making it suitable for systems
with linear sliding contacts like piston rings, cylinder liners,
and valve components (Ref 24, 25).

At high temperatures, the Ni-20%Cr coating exhibits a
higher coefficient of thermal expansion and is closer to the base
material, resulting in low tensile residual stress (Ref 23).
Peening stress is the sole contributing factor to compressive
residual stress, dominated by high spray frequency. Lower
spray frequency leads to a lower peening effect, affecting the
final residual stress on thermal spray coating (Ref 26, 27).

This study compares the effect of spray frequency (3 and
6 Hz) on dry sliding linear reciprocating wear behavior of DSC
sprayed Ni-20%Cr coatings at elevated temperatures (25 and
420 �C) with different loads (5, 10, and 20 N). The inquiry also
explores the measures of residual stress through the XRD.
Additionally, the study investigates the wear maps and
mechanisms at different temperatures using surface character-
ization techniques.

2. Experimentation

2.1 Feedstock Material and Coating Deposition Technique

The nickel-based superalloy (IN718) was used as the base
material, and nichrome powder (Ni-20%Cr, Amperit-251,
Germany) was used as a feedstock for coating deposition.
The substrate was grit-blasted before detonation spray coating
to ensure good bonding at the interface. The indigenous coating
deposition system was implemented at ARCI in Hyderabad,
India. The optimized process parameters are mentioned in
Table 1.

2.2 Evaluation of Mechanical Properties and Tribological
Behavior

A microhardness test was conducted on 3 and 6 Hz Ni-
20%Cr-coated samples using a Vickers microhardness tester
(HMV-G-20ST version 1.03, SHIMADZU). After polishing, a
smooth surface was achieved, and diamond-shaped indenta-
tions were performed on the well-polished cross section. A

200 g load was used, with a 15-second dwell time, and at least
15 indentations were performed for each sample.

A dry sliding linear reciprocating wear test was performed
on Ni-20%Cr-coated samples at different frequencies (3 and
6 Hz). Before the test, the surfaces of the coated sample were
mechanically polished to 0.27 ± 0.04 lm to prevent errors in
wear test results. Wear experiments consisting of linear
reciprocating motion were conducted in ambient air using a
ball-on-flat tribometer setup (TRB3, Anton Paar, Austria). Test
parameters were established according to ASTM G-133
standards using an Al2O3 ball with a hardness of (700 ± 20
HV) as shown in Table 2. Each condition was tested at least
three times to ensure precision and consistency. The wear
coefficient was calculated using the expression mentioned in
(Ref 28).

2.3 Surface Characterizations of Coatings

The x-ray diffraction (XRD) was performed using Malvern
PANalytical 3rd generation Empyrean XRD equipment
(Netherlands) to characterize coated samples. During the
XRD test, Cu-Ka wavelength (k) was 1.54 Å, scan step size
was 0.026, and the diffraction angle was set at 30-90�. A sin2w
method with the tilt angles (w) as � 45�, � 39�, � 33�, � 26�,
� 18�, 0�, 45�, 39�, 33�, 26�, 18�, and 0� was used for stress
estimation. The total run time for each sample was 5 h and
30 min. After wear tests at room and high temperatures, the
surface of both samples was examined using XRD to check the
formation of any oxide layers. X’Pert HighScore Plus software
was used to identify the phases of the diffraction peaks.

Microstructural analysis of coatings was examined using a
FESEM (7610F PLUS, Jeol, Japan) with secondary (SE) and
backscattered electrons (BSE) detectors. The elemental map-
ping and composition with percentage (%) were evaluated
using FESEM-EDS microanalysis and employed to identify the
wear maps and wear mechanisms of the coating and counter
material post-wear under different conditions.

Following wear tests at ambient and high temperatures,
Raman spectroscopy (Compact Raman Spectrometer, Renishaw
Centrus 2R4P63, UK) was used to evaluate and identify the
oxide on the worn surface of the wear scar for 3 and 6 Hz
samples. Surface roughness and worn-out surface profiles like
wear scar depth, width, and wear volume enabled calculating
the wear rate with a confocal optical 3D profilometer
(NANOVEA, ST-400, USA). Each condition was tested at
least three times to assure accuracy and consistency.

Table 1 Optimized process parameters for coating
deposition

Coating parameters of DSC

Carrier gas (N2) pressure, bar 1
Spray frequency (Hz) 3 and 6
(Oxygen) flow rate (SLPM) 38
(Acetylene) flow rate (SLPM) 31
Built per pass (lm) 15 � 20
Standoff distance (mm) 165

Table 2 Parameters for linear reciprocating dry sliding
wear test

Linear reciprocating wear test parameters

Stroke length (mm) 4
Loads (N) 5, 10 & 20
Total sliding distance (m) 100
Frequency (Hz) 5
Ball diameter (mm) 6
Test temperature (�C) (25 and 420) ± 10
Stabilization period at high temperature (hr) 1
Total run time (Min) 42
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3. Results and Discussion

3.1 As-Deposited Characterizations

3.1.1 Microstructural Characterization. Figure 1
shows the 3D profilometer and FESEM images of Ni-20%Cr
coatings. Figure 1(b) and (e) shows the surface morphology of
Ni-20%Cr coating with different frequencies. It exhibits many
unmelted, semi-melted, and fully melted particles entrapped in
the coating surface, showing high surface roughness in Fig. 1(a)
and (d). 6 Hz sample has lower surface roughness than 3 Hz
due to spray frequency variation. In contrast, higher frequency
promotes particle flattening and reduces roughness (Ref 29).
Figure 1(c) and (f) presents a cross section of the coatings with
low porosity, and the excellent adhesion at the interface and
resistance to spallation confirm a uniform, lamellar structure
with the desired thickness as given in Table 3. Porosity was
found at the interface of coating and the IN718 substrates due
to mismatches in the thermophysical characteristics of the
feedstock material and the substrates and unmelted particles
trapped at the interface.

The 6 Hz coating exhibits lower porosity, indicating a
denser coating at higher frequencies. This is due to increased
powder particles’ kinetic energy and velocity, resulting in better
flattening and interlocking on the substrate (Ref 30). Higher
deposition efficiency reduces gaps and voids, increasing
coating density (Ref 31).

Figure 2 depicts an EDS investigation of coating at various
frequencies. It demonstrates that nickel (Ni), chromium (Cr),
and oxygen (O) elemental maps are all well matched. This basic
mapping analysis indicates that the deposited coating is almost
identical to the 80Ni-20Cr feedstock material. Furthermore, it
suggests that layers are formed consistently with no visible
segregation throughout the coating deposition process.

Figure 3 displays the stack and indexing of an as-deposited
Ni-20%Cr coating with 3 and 6 Hz frequencies. It has highly
narrow and strongly diffracted peaks. It was noticed that in both
coatings, all diffracted peaks had the crystalline c-Ni(Cr)
(ICDD File number: 01-071-7597) phase with face-centered
cube (FCC) solid solution crystal structure, and there were no
other peaks on the coating.

3.1.2 Residual Stress Analysis. The residual stress was
evaluated on the surface of the coating, with quantitative data in
Table 4 and a trend line shown in Fig. 4. As frequency
increased, the stress decreased numerically. The 3 Hz sample
had minimal tensile stress, while the 6 Hz sample had the
highest compressive stress. This difference could be attributed
to the processing conditions, such as spray frequency. As
coating thickness increases, residual stress typically transforms
from tensile to compressive, reaching a certain point (Ref 32,
33).

3.2 Evaluation of Microhardness of Coatings

Table 5 shows the microhardness of the Ni-20%Cr coatings
with temperatures and spray frequencies. The 6 Hz coating had
higher hardness than the 3 Hz at ambient temperature. This
difference is due to densification and stronger bonding of splats
at higher spray frequencies. Tensile residual stress decreases the
hardness of samples, while high-compressive residual stress
material exhibits a high hardness value (Ref 34, 35). The
varying state of residual stress on both coating surfaces
contributes to higher hardness for the 6 Hz coating and lower
hardness for the 3 Hz coating.

The Ni-20%Cr coating showed high microhardness at 25 �C
due to the fast cooling rate, strain hardening, and metallic and
partial oxide phases (Ref 36). Nonetheless, there was a decrease
in microhardness at 420 �C due to thermal softening and
annealing. This resulted in more visible grain development,
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Fig. 1 Micrographs of as-sprayed Ni-20%Cr coatings: (a and d) surface roughness by 3D profilometer, (b and e) surface morphology, (c and f)
cross section
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Table 3 Thickness, porosity, and surface roughness of Ni-20%Cr coatings

Samples Spray frequency, Hz Thickness of coating, lm Porosity, % Surface roughness Sa, lm

Ni-20%Cr 3 266 ± 12 2.18 ± 0.3 10.3 ± 0.7
6 324 ± 12 1.28 ± 0.1 7.6 ± 0.2

Fig. 2 EDS elemental analysis of as-sprayed coating at different frequencies: (a) 3 Hz and (b) 6 Hz
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reduced shear strength, simpler plastic deformation, and
reduced surface residual stresses (Ref 37) (Table 6).

3.3 Linear Reciprocating Wear Behavior

Figure 5 shows the coefficient of friction (CoF) vs. sliding
distance (m) trend for 3 and 6 Hz samples at 25 and 420 �C
under different loads (5, 10, and 20 N). At room temperature,
the 6 Hz coating has a higher CoF than the 3 Hz coating. This
is because the 6 Hz coating has a higher oxide concentration,
making it less capable of bearing weight and creating more
friction between the coating and counter material. This trend
also occurs at high temperatures, possibly due to the high oxide
content in the Ni-20%Cr coating, making it prone to spalling
during high-temperature sliding. Both coatings demonstrate
increased deformation, cracking, interfacial shear stress, and
CoF as loads increase (Ref 38).

CoF values for wear tests at 420 �C were lower than at
ambient temperature. At higher temperatures, the coating
material undergoes thermal softening, which reduces interfacial
shear stress (Ref 39). The formation of oxide layers on sliding
surfaces can also reduce CoF, as oxide particles/surfaces act as
solid lubricants. It reduces the adhesion phenomenon and
resists plowing contact between friction pairs (Ref 40, 41).

The wear rate of a Ni-20%Cr coating sliding against an
Al2O3 counter material is displayed in Fig. 6 at 25 and 420 �C
temperatures. At 420 �C, both samples show an increase in
wear rate due to a mismatch in the thermal expansion rates of
the coating and substrate. The difference causes increased
adhesion and delamination wear. Notably, the reduced hardness
of the Ni-20%Cr 3 Hz sample makes it more susceptible to
high-temperature wear, resulting in a higher wear rate when
compared to the Ni-20%Cr 6 Hz sample. The increased wear
rates reported in nickel-based coatings may be due to material
transfer from the coating to the counterpart (Ref 22, 28).

3.4 Post-wear Analysis

3.4.1 3D Profilometry of the Wear Tracks. Figure 7 and
8 displays the room and high temperature of 3D and 2D depth
profiles of the worn-out surface of the wear track with loads of
5, 10, and 20 N. Before the wear test, the surface roughness
(Ra) was 0.26 ± 0.02 lm to maintain uniform surface condi-
tions. Worn surface profiles like track width and depth are
provided in Table 7. The wear volume is calculated from the
depth and width of the wear tracks.

The 3 Hz coating exhibits a broader and more profound
wear track than the 6 Hz coating in all loading and temperature
conditions, as shown in Fig. 7, 8, and Table 7. It is likely due to
the higher hardness, which better resists applied loads. The
Archard wear model suggests that as the hardness of a material
increases, its wear volume decreases, indicating that it can
withstand more wear and tear during sliding contact (Ref 42).
Due to the formation of oxide layers at 420 �C, the surface
roughness value was 1.06 ± 0.06 lm. The coating experiences
thermal softening, promoting more contact area, plastic defor-
mation, and increased wear debris formation, resulting in
material loss, indicating an increase in wear volume. Variations

Fig. 3 XRD analysis of Ni-20%Cr coating with different spray frequencies

Table 4 Quantitative residual stress values of as-
deposited Ni-20%Cr coating

Sample Spray frequency, Hz Residual stress, MPa

Ni-20%Cr 3 9.8 ± 3.0
6 � 14.6 ± 2.9
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in detonation frequency during the deposition of Ni-20%Cr
coatings affect adhesion and cohesion. Higher frequencies
generally lead to stronger bonding between the coating and
substrate, finer grain sizes, reduced porosity, and improved
wear resistance and thermal stability.

3.4.2 Raman Spectroscopy Analysis of the Worn Sur-
faces. Figure 9 shows the Raman spectroscopy of coatings
after the wear test at different temperatures and spray frequen-
cies. At 25 �C, no noticeable oxide layers were seen on the
worn surface of the wear track at normal wear processes. After
wear tests at 420 �C, Raman spectra showed clear peaks
associated with nickel oxide (NiO) ) at 546, 551, 904, and
1101 cm�1 (Ref 43-45) and chromium oxide (Cr2O3) at 303,
305, 348, 662, and 691 cm�1 (Ref 46, 47). However, the
observed oxide peaks were relatively small, suggesting minor
oxide particles instead of a thick, dominant oxide layer.

3.4.3 Evaluation of Wear Maps and Mechanisms. Fig-
ure 10 and 11 illustrates the wear maps of Ni-20%Cr coatings
(3 and 6 Hz) at 25 and 420 �C under 5, 10, and 20 N loading
conditions. FESEM wear maps of Ni-20%Cr coating show the
ridges, grooves, microcracks, and crack propagation. These are

attributed to abrasive and surface fatigue wear mechanisms at
room temperature caused by abrasive particles in the sliding
contact area. Parallel furrows, grooves, and microplowing
indicate abrasive wear. Microcracks on coating are induced
during sliding wear tests due to residual stress (Ref 17).
Continuous dry sliding, crack initiation, and propagation show
the spread of microcracks (delamination), suggesting surface
fatigue wear mechanisms (Ref 48).

Figure 11 reveals severe delamination, partial oxide parti-
cles, and partial oxide layers indicating adhesive, mild abrasive,
and partial oxidative wear at high temperatures. The coating
layers separated and experienced delamination and spalling due
to thermal stresses and mechanical loads. Partial oxide
formation was observed on the worn surface of the wear track
and confirmed by Raman spectroscopy analysis. Wear rate
depends on the extent of the wear mechanism, ranging from
mild to severe. As hardness increases, wear rate decreases, and
vice versa. High-temperature increases wear rate due to
material transfer. At high temperatures, material hardness
decreases, making it easier for loose abrasive particles to
compact into rough layers, promoting a higher wear rate (Ref
49).

Despite the presence of oxide layers, the anticipated
decrease in wear rate and reduction in CoF was not observed.
Instead, the wear rate increased due to the formation of
compact, small batches of powder oxide particles. The oxide
layer acts as a self-lubricating property and reduces wear rate
(Ref 23, 45). Still, suppose it is insufficient to resist the load. In
that case, it breaks, leading to severe adhesive wear and the
highest wear rate due to thermal softening and forming debris
acting as abrasive particles. However, the wear rate increased
due to the susceptibility to plastic flow at that temperature.

Fig. 4 Qualitative residual stress on both Ni-20%Cr coatings

Table 5 Vickers microhardness values with standard
deviations

Coating Spray frequency, Hz

Hardness (HV0.2)

25 �C 420 �C

Ni-20%Cr 3 348 ± 39 333 ± 23
6 380 ± 40 366 ± 25
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Fig. 5 CoF vs. sliding distance of Ni-20%Cr coating at 25 and 420 �C: (a) 3 Hz, (b) 6 Hz

Fig. 6 Wear rate of coatings at different loads and temperatures. (a) 3 Hz and (b) 6 Hz

Table 6 Worn surface profiles of wear tracks at different conditions

Coating Spray frequency, Hz Loads, N

Width, lm Depth, lm

25 �C 420 �C 25 �C 420 �C

Ni-20%Cr 3 5 387 ± 23 933 ± 70 5.6 ± 0.4 33.17 ± 1.7
10 556 ± 11 1283 ± 76 12.4 ± 0.4 64.8 ± 4
20 726 ± 20 1716 ± 35 20.5 ± 1.6 105 ± 3

6 5 373 ± 5 700 ± 20 6.1 ± 0.5 33.2 ± 4
10 490 ± 10 1266 ± 41 9.7 ± 0.1 54.7 ± 3.8
20 580 ± 10 1586 ± 41 13.1 ± 0.4 93 ± 7
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3.4.4 EDS Analysis of Wear Traces. FESEM-EDS anal-
ysis was conducted to determine the elemental composition at
different temperatures. After the wear test, Fig. 12 shows the
elemental mapping analysis of the wear track was almost equal
to the as-sprayed coating composition. It indicates no oxide
formation on the wear track at room temperature. At high
temperatures (420 �C), EDS analysis (Fig. 13) shows an
increase in oxygen percentage from 2-5% to 24%-26%. It
confirmed the reaction with the coating composition to form the
oxides, but the temperature did not produce a stable and
dominant oxide layer. Table 7 displays the elemental compo-
sition of the wear track at elevated temperatures.

3.4.5 Analysis of Counter Material Used in the Wear
Test. FESEM-EDS was used to analyze the alumina (Al2O3)
ball employed as the counter material for the linear reciprocat-
ing wear test. The ball was smooth before the test, with
significant wear experienced at ambient temperature (25 �C).
Figure 14(a) displays the worn surface of counter material with
deep abrasive grooves and ridges, indicating a complete
abrasive wear mechanism. No microcracks were found on the

worn-out surface, suggesting surface fatigue did not contribute
to the wear. EDS mapping analysis also confirmed no coating
material transfer on the surface of the counter material.

At 420 �C, the worn surface of the alumina counter material
showed apparent differences from the 25 �C. Figure 14(b)
presents the material transfer and exchange, with delamination
marks and adhesive wear debris from the coating material. The
worn surface displayed numerous individual particles from the
coatings spread out and gathered across it. However, at high
temperatures, the presence of coating particles sticking on the
worn surface of the wear scar and the wear mechanism was
adhesive wear.

4. Conclusions

A study investigated detonation sprayed (DSC) Ni-20%Cr
coatings at 3 and 6 Hz spray frequencies. The wear behavior
was examined under dry sliding linear reciprocating conditions
at 25 and 420 �C, and conclusions are below.

Fig. 7 Confocal 3D and 2D wear track profiles at 25 �C under different loads. (a, b, c) 3 Hz (d, e, f) 6 Hz
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1. The Ni-20%Cr coating shows a uniform microstructure
with melted, partially oxidized, and metallic particles.
6 Hz showed higher thickness and hardness than 3 Hz
due to enhanced bonding and deformation of splats,
resulting in superior mechanical properties.

2. The Ni-20%Cr 6 Hz coating showed compressive resid-
ual stress, while the Ni-20%Cr 3 Hz coating had tensile
residual stress. This difference was due to the higher
peening effect, thickness, and hardness, causing a transi-
tion from tensile to compressive residual stress.

3. The friction coefficient reduces at 420 �C due to thermal
softening and inadequate oxide layer formation, but the
wear rate increases with loads due to abrasive loss and
surface roughness. Ni-20%Cr 6 Hz has a lower wear rate
due to higher hardness.

4. The wear mechanism at 25 �C is mainly abrasion, surface
fatigue, and mild adhesion, while at 420 �C, it becomes
more severe and complex, involving adhesive wear and
partial oxidation.

Fig. 8 Confocal 3D and 2D wear track profiles at 420 �C. (a, b, c) 3 Hz (d, e, f) 6 Hz

Table 7 EDS elemental mapping analysis of wear tracks at different temperatures

Coating Spray frequency, Hz Temperature, �C

Elemental composition, wt.%

Ni Cr O

Ni-20%Cr 3 25 73.9 ± 0.1 17.5 ± 0.3 6.7 ± 0.2
420 70.3 ± 0.4 16.5 ± 0.2 12.1 ± 0.2

6 25 74.5 ± 0.2 18.2 ± 0.1 6.8 ± 0.1
420 69.8 ± 0.4 15.8 ± 0.3 12.9 ± 0.5
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Fig. 9 Raman peaks of 3 and 6 Hz coating at 25 and 420 �C

Fig. 10 Worn surface of wear track at room temperature under different loads. (a–c) 3 Hz, (d–f) 6 Hz
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Fig. 11 Worn surface of wear tracks at high temperatures under various loads. (a–c) 3 Hz, (d–f) 6 Hz

Fig. 12 Elemental mapping analysis of worn surface at 25 �C. (a) 3 Hz and (b) 6 Hz
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