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A B S T R A C T

Cermet coating, which is a blend of ceramic hardness and metallic toughness, is mostly applied to enhance the 
wear and corrosion resistance of metals. Detonation gun (D-gun) spraying is one of the most promising thermal 
spray technologies that would produce a high-quality ceramic coating. Cr3C2-NiCr coating is acceptable because 
of its superior mechanical characteristics and corrosion characteristic. The effectiveness of D-gun sprayed 
Cr₃C₂–NiCr coatings was evaluated under aggressive acidic conditions using 1 M H₂SO₄, which serves as a 
standardized laboratory electrolyte for assessing corrosion resistance relevant to industrial acidic environments, 
including the key process variables such as spraying distance, which is critically important in the determination 
of other coating properties such as porosity, adhesion, roughness, and hardness. Duplex stainless steel (DSS) 
2205 has been sprayed with Cr3C2-NiCr at three spraying distances; 170 mm, 180 mm and 190 mm in an attempt 
to conduct the research on the behavior of Cr3C2-NiCr in acid conditions. Electrochemical activity of the coating 
was evaluated in 1 M H2SO4 solutions at room temperature; by open circuit potential (OCP), electrochemical 
impedance spectroscopy and potentiodynamic polarisation. Investigation of surface morphology under SEM 
revealed dense lamellar coatings with porosity decreasing from 2.84% at 170 mm to 1.38% at 190 mm, indi
cating improved particle melting and coating compactness. The coating deposited at 190 mm exhibited the best 
electrochemical performance, with lowest corrosion rate (0.113 mmpy), compared with the uncoated substrate 
(2.60 mmpy). All coated specimens had a homogenous and compact coating structure. The results demonstrate 
that 190 mm is the optimum spray distance for producing high-integrity Cr₃C₂–NiCr coatings on DSS 2205, 
providing enhanced corrosion protection for components operating in aggressive acidic industrial environments. 
This work demonstrates that optimizing the D-gun spray distance significantly influences the microstructural 
integrity and electrochemical corrosion behaviour of Cr₃C₂–25NiCr coatings on DSS 2205. The established 
processing–microstructure–performance relationship provides a scientific basis for optimizing D-gun coating 
parameters to enhance corrosion resistance in aggressive acidic environments.

1. Introduction

Acidic degradation in silicon-processing industries remains a signif
icant challenge due to the aggressive nature of silicon-containing 
chemical environments, which accelerate material deterioration and 
compromise structural integrity. Corrosion challenges in silicon-based 
chemical plants are particularly severe in process units exposed to 
acidic media, leading to reduced service life and increased maintenance 
costs. Although Duplex Stainless Steel (DSS) 2205 offers excellent me
chanical strength and moderate corrosion resistance, its application in 
highly acidic silicon-processing conditions is very critical and demands 

additional protection. Therefore, protective coatings for equipment 
handling silicon-containing chemicals have become essential to enhance 
surface durability, minimize material loss, and ensure long-term oper
ational reliability in such harsh industrial environments.

In the oil and gas sector, pipelines are seen to be the most economical 
and effective means of transporting fluids. However, because of the 
nature of the fluids being conveyed and the harsh operating environ
ments, pipeline systems are very susceptible to corrosion and mechan
ical damage [1–4], making strong mechanical durability a vital part of 
continuous work. However, Long-term exposure to corrosive media re
sults in surface deterioration, subpar performance, and an increased risk 
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of failure.
Therefore, it is necessary to develop superior materials, such as al

loys, superalloys, composites, and protective coatings, that can afford
ably offer the necessary enhanced corrosion protection to improve the 
dependability and service life of equipments operating under harsh 
conditions. A unique blend of robust mechanical strength and corrosion 
resistance in materials is required in the extremely demanding service 
environment of oil and gas exploration and production.

DSS 2205 has emerged as a very promising alternative to conven
tional stainless steels in order to reduce the risks of failures that are 
typified by corrosions, financial losses, and safety problems. Because of 
its greater mechanical capacity and resistance to corrosion, it is also 
extensively utilized in offshore platforms, bridges, and coastal infra
structure [5–10]. Compared to single phase ferritic or austenitic alloys, 
the microstructure of DSS 2205, a blend of roughly equal proportions of 
austenite and ferrite, offers synergistic advantages such as greater 
strength, improved toughness, resistance to localized corrosion, and 
stress corrosion cracking [11–13]. With more than 35 years of successful 
service in the oil and gas industries, DSS has established itself as a ma
terial that can be relied upon to provide long-term structural integrity 
and safety by demonstrating its exceptional durability even under the 
harsh conditions of operation [14].

The production of a dense and stable oxide passive coating that acts 
as a barrier to aggressive media is primarily responsible for the corrosion 
resistance of DSS 2205 [15–17]. High concentrations of carbon dioxide, 
sulfides, and chlorides in crude oil have also been identified as some of 
the main causes of pipeline deterioration [18,19]. Therefore, it is crucial 
to investigate metallurgical methods that would reduce the corrosion 
susceptibility of these materials. These procedures include altering the 
material through metallurgical, mechanical, physical, or chemical 
treatments and applying sophisticated protective coating formulas that 
lessen surface deterioration [20–23]. The success of surface engineering 
solutions is significantly impacted by factors such as material and 
coating compatibility, functional performance requirements, adhesion 
strength, cost, and processing equipment accessibility. Thermal spray is 
a broad surface engineering technique that involves spraying a melted or 
semi-melted substance onto a surface to apply coatings. Because of its 
adaptability in improving the performance and service life of parts 
subjected to unfavorable operating circumstances, it can be widely used 
in any industry.

Thermal spray surfaces provide significant improvements in me
chanical stability, thermal and chemical durability, and corrosion and 
wear resistance in both static and dynamic environments [24]. Steel and 
aluminum alloys' surface properties can be changed and strengthened 
using a variety of thermal spray techniques, such as high-velocity oxy
gen fuel (HVOF), plasma spraying, cold spraying, plasma electrolytic 
oxidation, and detonation gun (D-gun) coating. The specific application 
requirements, such as the required coating qualities, service circum
stances, and cost considerations, determine the various benefits and 
drawbacks of these methods [25].

Among the available thermal spray technologies, cold spray and 
HVOF spraying have attracted considerable attention as alternative 
surface engineering processes for corrosion-resistant carbide-based 
coatings. Cold spray employs high-velocity solid-state particle deposi
tion, thereby minimizing oxidation, phase transformation, and thermal 
degradation while producing dense coatings with excellent substrate 
adhesion. HVOF spraying, on the other hand, utilizes supersonic com
bustion gases to generate coatings with low porosity, high bond 
strength, and superior wear and corrosion resistance, making it one of 
the most widely adopted techniques for depositing Cr₃C₂–NiCr cermet 
coatings. Despite these advantages, detonation gun (D-gun) spraying is 
capable of imparting even higher particle velocities and producing 
exceptionally dense coatings with minimal oxide formation and 
improved interlamellar bonding. However, the influence of D-gun spray 
distance on the electrochemical corrosion behavior of Cr₃C₂–NiCr coat
ings deposited on DSS 2205 remains insufficiently understood. 

Therefore, the present study focuses on optimizing this critical pro
cessing parameter and comparing its influence on coating integrity and 
corrosion performance. [26]

One of the most effective thermal spray techniques for creating dense 
coatings with less than 1% porosity, low oxidation, and strong adhesion 
is D-gun coating. The high particle velocity, low operating temperature, 
ability to utilize a range of coating materials, and ability to adjust the 
process to provide a desired surface quality are some of the technology's 
many advantages over previous methods. The D-gun process works by 
feeding powder and a blended flammable gas mixture (such as acetylene 
and oxygen) into a closed barrel and using a spark plug to ignite them. 
The resulting shockwave then spreads to a high pressure, accelerating 
the powder particles to supersonic speeds. This causes the particles to 
contact the substrate and adhere firmly, creating a dense, sticky 
covering. When it comes to difficult industrial applications, D-gun 
spraying is highly preferred due to its high microstructural integrity and 
corrosion resistance [27–29].

Studies have shown that cermet coatings based on carbides are more 
resistant to corrosion, wear, and erosion than other alloys. The most 
popular carbide reinforcements, such chromium carbide (Cr3C2) and 
tungsten carbide (WC), are typically added to metal binders with Co, 
CoCr, or NiCr matrices, where the hardened carbide grains offer strength 
and hardness. Particularly in marine environments, coatings like WC- 
Co, WC- Co- Cr, and Cr3C2 -NiCr are currently being investigated as 
advantageous environmentally acceptable substitutes for conventional 
chromate-based coatings [28–31]. Carbide-based cermet coating has 
proven to be a reliable way to extend the lifespan of engineering prod
ucts by stabilizing their service life and lowering maintenance expenses. 
Cr3C2-NiCr coatings were selected to be applied to DSS 2205 substrate 
using the D-gun technique based on these findings and filling in the 
knowledge gaps in the current literature. Additionally, Mudgal et al. 
verified that the chromium oxide and NiCr2O3 compounds that 
contribute to their improved corrosion resistance capabilities are formed 
by D-gun sprayed Cr3C2-NiCr2O coating [32,33].

Although Cr3C₂–25NiCr coatings deposited by HVOF and plasma 
spraying have been extensively studied, the impact of D-gun spray dis
tance on the microstructural evolution and electrochemical corrosion 
behavior of coatings deposited on DSS substrates has received less 
attention. Furthermore, there is a lack of comprehensive knowledge 
regarding the relationship between electrochemical performance, 
coating porosity, and spray distance.

Though many studies have examined the use of D-gun sprayed 
cermet on steel alloys to achieve higher levels of protection, none of the 
previous research has documented its application on DSS 2205. Since 
process parameters have a major influence on the protective perfor
mance of thermally sprayed coatings in harsh environments, it is 
imperative to precisely understand how these attributes are affected.

Therefore, the current study attempts to establish relationship be
tween D-gun spray distance, coating porosity, and electrochemical 
corrosion resistance of Cr₃C₂-NiCr coatings deposited on DSS with spray 
distances of 170, 180, and 190 mm. The study determines the best 
processing conditions for enhancing the corrosion resistance of duplex 
stainless steel and establishes the correlation between D-gun spray dis
tance and coating efficacy. It is demonstrated that this coating type can 
be utilized in conjunction with other coating types to give efficient 
corrosion resistance solutions under challenging service conditions.

2. Materials and methods

The graphical abstract presented in Fig. 1 shows the overall work
flow and key outcomes of the study in a concise visual format. It illus
trates the D-gun coating process, optimization of spray distance, 
characterization techniques, electrochemical testing, and the resulting 
improvement in the corrosion resistance of Cr₃C₂–25NiCr coated DSS 
2205.
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2.1. Fabrication of D-gun coatings

The substrate material for this study was a 5-mm-thick rectangular 
DSS 2205 plate [Fe-66.06%, Cr-22%, Ni-5.5%, Mo-3.2%, Mn-2%, Si-1%, 
N-0.16%, P-0.03%, C-0.03% S-0.02%]. Specimens measuring 
25 mm × 25 mm × 5 mm were cut using the water jet abrasive cutting 
method. Then, to get rid of any sharp burrs, these were polished. After 
meticulously polishing and cleaning the substrate surfaces with acetone, 
a smooth and uniform surface suitable for applying the coating was 
achieved. The morphological characteristics and elemental content of 
DSS 2205 substrate is shown in Fig. 2a. Imperfections and roughness on 
the substrate surface can influence the bond strength between the 
coating and substrate [34]. Consequently, the specimens were cleaned 
with acetone to remove oil marks and cured skin, polished with SiC 
sheets to 180 grits in order to eliminate oxide scale. The substrate sur
face was then grit blasted with alumina (grit 60) to obtain a rough 
surface and enhance the contact area between the coating and substrate 
before applying the coatings using the D-gun method.

In this study, commercially available Cr3C2-NiCr powder with 
chemical compositions (wt%) of Cr-70.7%, Ni-21.1%, and C-8.2% was 
utilized. The SEM morphology of the Cr3C2-NiCr powders is shown in 
Fig. 2b. The coating powder has a particle size range of 30–60 µm (mean 
particle size ≈ 45 µm) was used for coating deposition by the detonation 
gun (D-gun) spraying process.

The Cr3C2-NiCr powders were subsequently applied on DSS 2205 
substrate specimens using a commercial D-gun system. The coatings 
were applied on the top flat surface of the specimen. The cross-sectional 
views of the coated specimens were analyzed using Scanning Electron 
Microscope (JEOL, JSM-IT510, Japan) coupled with energy dispersive 
spectroscopy (EDS). The SEM micrographs along with EDS spectrum 
were taken with an electron beam energy of 20 keV. Table 1 shows the 
coating process parameters employed in this study. The spray distances 
of 170, 180, and 190 mm were selected based on the processing window 
commonly employed for detonation gun (D-gun) spraying of carbide- 
based cermet coatings reported in the literature. Within this range, the 
spray distance has a significant influence on the corrosion performance 
of the deposited coating. The selected distances therefore provide a 
systematic basis for evaluating the influence of this critical process 
parameter while maintaining stable coating deposition conditions [35].

Cross-sectional SEM micrographs were used to determine the coating 
porosity. The porosity was calculated as the percentage of the segmented 

pore area relative to the total analyzed coating area. The results are 
reported as mean ± standard deviation (n = 3). The measured porosity 
values were 2.84 ± 0.15% at 170 mm, 2.12 ± 0.11% at 180 mm, and 
1.38 ± 0.09% at 190 mm.

2.2. Electrochemical corrosion tests

The electrochemical corrosion behavior of the coated specimens was 
investigated using electrochemical techniques such as OCP, EIS, Linear 
Polarization Resistance (LPR) and Potentiodynamic Polarization. The 
electrochemical measurements were performed with a computer- 
controlled potentiostat (ZiveSP1, WonATech Co., Ltd. Korea), in 1 M 
H2SO4 corrosive electrolyte solution using a flat three-electrode elec
trochemical cell with an Ag/AgCl reference electrode, a graphite 
auxiliary electrode, and the Cr3C2-NiCr coated DSS 2205 test specimens 
as working electrodes. All the electrochemical analyses were carried out 
at room temperature (27 ◦C). The area of the specimen exposed to the 
electrolyte was 1 cm2.

After exposing the specimen to the electrolyte for equilibration, the 
OCP was measured for 30 min, with a data point collected for every one 
second, in line with ASTM C 876. EIS measurements were performed at 
the OCP with a sinusoidal AC signal in the frequency range of 10 mHz- 
100 kHz at an amplitude of ±10 mV. The resulting impedance values are 
displayed as Nyquist plots, Bode plots, and phase angle plots. Linear 
polarization experiments were conducted on the specimens within a 
potential window of ±50 mV with respect to OCP. Potentiodynamic 
polarization measurements were conducted at a rate of 0.166 mV/s, 
after polarizing the specimens in both anodic and cathodic orientations 
within a potential window of ±350 mV relative to OCP. Tafel slope 
analysis and fitting of the data was then carried out to determine the 

Fig. 1. Schematic representation of the study.

Fig. 2. SEM micrograph (a) DSS 2205 and (b) Cr3C2-NiCr powder.

Table 1 
D-gun coating process parameters.

Parameters Values

Oxygen flow rate (m3/s) 9.8 × 10− 3

Fuel flow rate (m3/s) 0.04 × 10− 3

Carrier gas flow rate (m3/s) 0.013 × 10− 3

Powder feed rate (g/s) 1.5
Spray distance (mm) 170–190
Frequency shots/(sec) 3
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corrosion parameters like corrosion current density (Icorr), corrosion 
potential (Ecorr), polarisation resistance (Rp), and corrosion rate (CR). 
After three repetitions, the average value from each trial was selected for 
examination. The morphology and elemental analysis of the coatings 
after exposure to the corrosive electrolyte solution was also observed 
using a SEM coupled with EDS.

3. Results and discussion

3.1. Coated surface analysis

Fig. 3 contains the surface and cross-sectional morphology of the 
Cr3C2-NiCr coating formed on DSS 2205 substrate. The coating thickness 
was measured from cross-sectional SEM micrographs at five randomly 
selected locations distributed along the coating cross-section. The 
coating thickness was measured from cross-sectional SEM micrographs 
at five randomly selected locations for each spray distance (n = 5). The 
mean thickness, standard deviation, and measurement range were 
determined separately for each spray distance. The revised values are 
248 ± 9.3 µm for the coating deposited at a spray distance of 170 mm, 
251 ± 9.4 µm at 180 mm, and 250 ± 9.4 µm at 190 mm. The corre
sponding coating-thickness ranges were approximately 239–257 µm, 
242–260 µm, and 241–259 µm, respectively. Thus, the reported coating 
thickness of approximately 250 µm represents an experimentally 
measured value rather than a nominal thickness. The cross-section re
veals that the coating is fully bonded interface to the substrate and does 
not contain any visible cracks or delamination which confirms the ex
istence of good bonding.

In particular, there is a relatively lower number and small pores in 
Fig. 3b, more fine pores with dispersed unmelted particles in Fig. 3c, and 
larger and irregular pores with an increased concentration of unmelted 
particles in Fig. 3d, which might serve as weak spots in the micro
structure. Surface morphology and coating behavior of samples were 
also studied at various distances of spraying which gave helpful infor
mation about the microstructural properties and the distribution of el
ements. The SEM observations reveal that spray distance has a 
significant influence on the coating microstructure. The coating 

deposited at 170 mm exhibits comparatively higher porosity and less 
uniform splat consolidation, indicating incomplete particle deformation 
and the presence of interconnected voids. Increasing the spray distance 
to 180 mm improves particle melting and splat flattening, resulting in a 
more homogeneous lamellar structure with reduced porosity. The 
coating deposited at 190 mm exhibits the most compact and continuous 
microstructure, characterized by fewer micro voids and improved 
interlamellar cohesion. This improvement is reflected in the reduction of 
porosity values. Based on these analyses, it was known that the sample 
sprayed at 190 mm had a more molten structure and high adhesion on 
DSS 2205 substrate and also the sample sprayed at 190 mm was rela
tively better in their extent of melting and adhesion as compared to 
samples sprayed at 180 mm and 170 mm.

3.2. Electrochemical corrosion

3.2.1. Potentiodynamic polarization
The Tafel polarization curve in Fig. 4 shows the electrode potential 

compared to the OCP, with respect to the logarithm of current density 
log (i). The measurement is usually done potential range of − 350 mV in 
each side of the OCP and in both the cathodic and anodic branch 
(oxidation reactions). Under the linear fitting of these branches, anodic 
and cathodic slopes, βa and βc are obtained. The point of these extrap
olated tangents is Ecorr and the resulting point on the current axis is 
Icorr, which has a quantitative meaning of CR of the specimen.

Fig. 4 indicate the conclusive impact of spray distance on the elec
trochemical efficiency of thermally sprayed coating. The uncoated 
specimen exhibited the most vigorous corrosion performance with Ecorr 
value of about − 0.40 V vs. Ag/AgCl and Icorr of 10− 5 A/cm2, which 
determine the tendency of corrosive electrochemical corrosion. In 
comparison, the overall corrosion current densities and the positive 
changes in the corrosion potential in all coated specimens were sub
stantively less, which proved that the deposited coatings were protec
tive. There was a systematic increase parameter in the distance to spray 
with a higher spray distance, i.e., higher Ecorr (about 170 mm to 
180 mm) and changes more in Icorr (10− 5 A/cm2 to 10− 5.8 A/cm2) 
which reflected improved electrochemical stability because of increased 

Fig. 3. (a) Cross sectional SEM micrograph of Cr3C2-NiCr coated specimens; Morphology of surface at spraying distance of (b) 170 mm, (c) 180 mm, (d) 190 mm.
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spray distance in the positive side of the spectrum. The influence on the 
spray distance on the particle velocity, splat flattening and porosity can 
be described by the fact that in the case of optimized distances, the 
particles will hit the substrate in optimum conditions creating denser 
and less porous layers preventing the infiltration of electrolytes [35]. 
Those findings are in line with the outcomes of recent literature on 
thermal sprays. Jo et al. also found that deposition variables of spray 
distance and particle velocity had a strong impact on coating density and 
corrosive properties in stainless steel-silver systems [36]. Liu et al. re
ported that coating produced at optimum spraying conditions had low i 
corr values because of reduced defect routes [37]. Moreover, Ali Raza 
et al. determined that porosity in HVOF coating is reduced at the opti
mum spray distance, and thus, enhances corrosion resistance [38]. 
Rakhadilov et al. confirmed that WC-10Co-4Cr coating placed at the 
same distance of the spray of about 190 mm showed better hardness and 
wear resistance due to increased microstructural density [39]. Together, 
these results and literature evidence indicates that the optimum distance 
of the spray is 190 mm.

The polarization analysis of potentiodynamic in Table 2 shows the 
effect of spray distance on the corrosion behavior of the thermally 
sprayed coating in a quantitative way. All electrochemical experiments 
were performed in triplicate (n = 3) using freshly prepared specimens 
under identical testing conditions. The Stern–Geary relationship was 
used to determine corrosion potential (Ecorr), corrosion current density 

(Icorr), and corrosion rate (CR). The reported electrochemical parame
ters, including corrosion current density (Icorr), polarization resistance 
(Rp), and CR, are presented as, mean ± standard deviation in Table 2. 
The bare sample had the worst performance and its values of Ecorr 
= − 0.2418 ± 0.0121 V, Icorr = (2.43 ± 0.12) × 10⁻⁴ A/cm2, Rp 
= 90.06 ± 4.50 Ω.cm2 and CR = 2.600 ± 0.130 mmpy indicating its 
extreme susceptibility to degradation. Conversely, electrochemical sta
bility of all the coated samples was greatly enhanced through indicating 
more noble corrosion potentials, smaller current densities, stronger 
polarization resistance and lowering CR. The coating increased the Ecorr 
= − 0.2215 ± 0.0111 V, reduced Icorr = (2.38 ± 0.12) × 10⁻⁵ A/cm2 at 
170 mm and Rp = 380.22 ± 19.01 Ω.cm2 and CR = 0.254 ± 0.013 
mmpy. The best performance was at 180 mm (Icorr = (1.40 ± 0.07) 
× 10⁻⁵ A/cm2, Ecorr = − 0.2213 ± 0.0111 V, Rp = 647.51 ± 32.38 Ω. 
cm2, CR = 0.150 ± 0.008 mmpy) and the best performance occurred at 
190 mm, Icorr = (1.06 ± 0.05) × 10⁻⁵ A/cm2, Ecorr = − 0.2029 
± 0.0101 V, Rp = 1667.52 ± 83.38 Ω.cm2, and CR decreased to 0.113 
± 0.006 mmpy.

The trends validate the fact that the increase of a spray distance in 
the selected ranges increases coating integrity through the encourage
ment of denser microstructures with less active defect sites, which en
sures enhanced protection against electrolyte permeation as a barrier. 
The continuous growth of Rp and CR versus the spray distance leads to 
the finding that the 190 mm condition gave the most protective coating. 
This finding is similar to previous research, in which optimized spray 
distances were demonstrated to play a role in decrease of porosity and 
oxidation, resulting in a lower Icorr and higher noble Ecorr value. In 
addition, it was further noted that deposition parameters, especially the 
spray distance and velocity of the particle play vital roles in coating 
densities and electrochemical stability, whereas Avram et al. found 
comparable enhancement in the low-carbon steel coverings in simulated 
PEMFC settings [40].

Overall, the Tafel analysis offers major understanding on the mech
anism of corrosion using Ecorr, Icorr, Rp, and CR. The conditions with 
the best electrochemical parameters were 190 mm spray distance fol
lowed by 180 mm, 170 mm, and the worst was the uncoated substrate. 
These results determine the spray distance to be a critical processing 
variable in maximizing thermal spray finishes and show that there is a 
high relationship between deposition control, microstructural quality 

Fig. 4. Potentiodynamic polarization curves of coated and uncoated samples.

Table 2 
Tafel fitted parameters for specimens exposed in 1 M H2SO4 solution.

Uncoated 170 mm 180 mm 190 mm

βa (V/dec) 0.0914 
± 0.0046

0.0394 
± 0.0020

0.0386 
± 0.0019

0.0773 
± 0.0039

βc (V/dec) 0.1124 
± 0.0056

0.0442 
± 0.0022

0.0455 
± 0.0023

0.0859 
± 0.0043

Icorr (A/ 
cm²)

(2.43 ± 0.12) 
× 10⁻⁴

(2.38 ± 0.12) 
× 10⁻⁵

(1.40 ± 0.07) 
× 10⁻⁵

(1.06 ± 0.05) 
× 10⁻⁵

Ecorr (V) − 0.2418 
± 0.0121

− 0.2215 
± 0.0111

− 0.2213 
± 0.0111

− 0.2029 
± 0.0101

Rp 
(Ω⋅cm²)

90.06 ± 4.50 380.22 
± 19.01

647.51 
± 32.38

1667.52 
± 83.38

CR (mm/ 
year)

2.600 ± 0.130 0.254 
± 0.013

0.150 
± 0.008

0.113 
± 0.006
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and corrosion resistance.

3.2.2. Electrochemical impedance spectroscopy
EIS is a popular method used to measure corrosion behaviour 

through the Bode and Nyquist plots, which gives information about the 
electrochemical characteristics. The measurements of EIS were made 
within the frequency range of 10 kHz to 100 kHz. The Nyquist plots 
(Fig. 5a) indicate a drastic effect on the real-axis intercept and the 
intuitive radius of a semicircle in coated samples as opposed to the 
uncoated substrate. This tendency means that the polarization resistance 
increases highly when the coating is applied, i.e. the coating is an effi
cient barrier, which augments the resistance to delivering any charge 
and ion transportation at low frequencies. The impedance of the coated 
samples at low frequencies increased significantly with increasing spray 
distance. Correspondingly, the diameter of the Nyquist semicircle also 
enlarged as the spray distance increased. This behavior indicates an 
improvement in coating barrier properties and enhanced resistance to 
electrolyte penetration through pores. The larger semicircle diameter 
reflects higher Rp, which is characteristic of coating systems exhibiting 
superior corrosion protection performance [41,42].

The Nyquist results are supported by the Bode magnitude plot 
(Fig. 5b). The impedance values of the coated samples at low frequencies 
(0.011 Hz) are so large compared to the impedance of the uncoated 
surface- determined to be approximately 10–100 times higher. The 
coating with the largest impedance at low frequencies is that of the 
largest coated samples, and most likely the most stable. Bode plot in
dicates effective control of lower frequency by the coating (high 
impedance) and high frequency by the solution or electric resistance 
(low impedance) quite evidently. To do this practically, the impedance 
at very low frequency (e.g. 0.01 Hz or 10 MHz) is typically reported to 

indicate the performance of the coating in protecting the surface [43].
In Fig. 5c, it can be observed that the coated samples have a strong 

peak in the frequency range of 1–2 Hz as indicated by the phase-angle 
spectra. The wide range of phase angle of the coated samples is high, 
about 60–70◦. With the uncoated substrate, on the other hand, the phase 
response is a lot smaller with a lone great deal less around 35–40◦, and 
has a broader and less strong peak.

A substantial and sharp phase peak is one characteristic of a desirable 
coating, and denotes desirable capacitive (barrier) characteristics at 
medium frequencies. The phase peak location varies a bit with the 
spraying distance, and this indicates that the coating resistance and/or 
capacitance varies. The coated specimens exhibit a dominant phase- 
angle response over the investigated frequency range. However, the 
presence of a single prominent phase-angle maximum does not neces
sarily imply a single electrochemical time constant. [44].

Fig. 5d demonstrates that the coated surfaces stabilize at a little more 
positive (less negative) potentials whereas the bare substrate swings to 
much more negative values. The bare sample has an insignificant time to 
reach a low potential of approximately − 0.30 V to − 0.35 V. On the 
contrary, the coated samples are maintained at around − 0.10 V to 
− 0.15 V and very slight variation towards the negative side is observed 
in the test. Higher positive (nobler) open-circuit potential of the coated 
samples suggests that the coating isolates the metal by inhibiting active 
corrosive ionic contact, and also decreasing active currents caused by 
corrosion. The gradual movement of the negative potential implies low 
ability to absorb water and slow exposing of the metal with the help of 
coating pores. Open circuit potential data give convenient support data 
and is to be integrated with EIS data and surface observations [45,46].

The equivalent electrical circuit depicted in Fig. 6 of the thermally 
sprayed coatings. Solution resistance (Rs), coating resistance (Rcoat), 

Fig. 5. Electrochemical impedance spectroscopy (a) Nyquist plot, (b) Bode plot, (c) Phase angle plot, (d) Open circuit plot.
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coating constant phase element (CPEcoat), charge-transfer resistance 
(Rct), and double-layer constant phase element (CPEdl) make up the 
suggested circuit.

Table 3 provides a summary of the fitted impedance parameters. 
During the electrochemical experiments, Rs stayed almost consistent for 
every specimen, indicating that the electrolyte conditions were the 
same. On the other hand, when the spray distance rose, Rcoat and Rct 
both gradually increased, suggesting improved barrier properties asso
ciated with a denser coating microstructure. suggesting the development 
of a denser coating against electrolyte penetration. Due to its compact 
microstructure and decreased interconnected porosity, the coating 
deposited at a spray distance of 190 mm demonstrates the maximum 
corrosion resistance, according to these measurements, which are in 
excellent agreement with the Nyquist and Bode plots.

3.2.3. Linear polarization resistance and potentiodynamic polarization
The polarization resistance (Rp) was determined independently 

using the Linear Polarization Resistance (LPR) technique, and the ob
tained values were used to evaluate the electrochemical barrier perfor
mance of the coatings. Fig. 7 demonstrates a significant improvement in 
the electrochemical protection by the Cr₃C₂–NiCr coatings. All the 
coated specimens showed significantly higher Rp values and lower CR, 
while uncoated substrate exhibited the lowest Rp and the highest CR. 
Two significant patterns are apparent: (i) the coating substantially re
duces CR in comparison with the uncoated specimen, and (ii) As the 
spray distance increased from 170 to 190 mm, a steady increase in 
polarisation resistance was observed.

The microstructural characteristics of thermally sprayed coatings 
significantly influence their electrochemical behaviour, including 
coating porosity, inter-lamellar bonding, oxide content and thickness, 
which are sensitive to process standoff distance as well as delivered 
thermal/kinetic energy to the powder particles during transit. Several 
recent studies have reported that the degree of change in a spray dis
tance influences (a) particle temperature and velocity upon impact, (b) 
level of particle deformation, splat flattening, (c) oxidation degree in the 
in-flight particle and, (d) porosity and connectivity between the layers, 
which determines the electrolyte penetration and resistance to corrosion 
[47–51].

3.3. Surface characterization

The post-corrosion surface morphologies of the coatings sprayed at 
various spray distances after electrochemical testing are shown in Fig. 8. 
At a spray distance of 170 mm the surface is marked by discrete, 
irregular nodules and partially exposed matrix between sites of corro
sion, shallow pits and sharp ridges are observed across the arrows, which 
means that initial local deterioration of the passive film and early 

dissolution are taking place. The corresponding EDS spectrum reveals 
oxygen enrichment along with nickel and chromium. At 180 mm, these 
nodular corrosion develops to larger, coalesced clusters and the inter- 
nodule distance is reduced, which is an indication of further dissolu
tion of metals and rearrangement of the oxides to form an increasingly 
porous, interconnected corrosion -product layer. At 190 mm the 
topography is rather dominated by a cauliflower-like morphology, 
indicating the formation of a relatively thick multilayer corrosion- 
product layer. EDS reveals still high levels of Cr and O, and limited 
amounts of Ni, indicating that the scale is Cr-enriched, and surface oxide 
formation has been concentrated through the selective dissolution of the 
underlying matrix. Taken together, the series of steps between (a) to (c) 
is given by the progressive breakdown of the passive-film by passive 
oxide, the formation and growth of the initial pit followed by trans
formation to a larger oxide layer rather than uniform passive film 
dissolution.

The corresponding EDS spectrum reveals enrichment of oxygen 
along with nickel and chromium The same morphologies (patchy nod
ules that develop into coalesced porous oxide layers) have been 
observed in recent investigations of duplex and Ni-Cr finishes and wel
ded stainless steel where it is attributed that morphological evolution 
may originate at localized sites of chloride breakdown and subsequent 
rapid oxide nucleation and growth. These investigations also stress that 
the morphology and protective nature of the scale are highly variable 
with the local composition, microstructure and the degree of exposure, 
that could be observed in the change between individual pits to a nearly 
continuous oxide layer [52].

Thermally sprayed nichrome coatings on DSS substrates have been 
reported to exhibit similar phenomena in previous studies. SEM/EDS 
analyses have been used to correlate coating microstructure and 
coverage with electrochemical corrosion behavior. Previous optimiza
tion studies and corrosion measurements indicate that incomplete or 
porous coating layers promote localized corrosion and oxidation, 
consistent with the observations in the present work [53]. Furthermore, 
Kuruvila et al. demonstrated that processing parameters and coating 
thickness significantly influences the stability of Cr-rich passive phases. 
These findings align with our interpretation that the observed changes 
arise from the gradual degradation of a protective surface state and the 
subsequent formation of Cr-rich corrosion products [54].

4. Limitations and future scope

Although the present investigation provides valuable insights into 
the influence of spray distance on the microstructural evolution and 
corrosion performance of Cr3C2-NiCr coatings, certain limitations must 
be acknowledged. The study was restricted to a single feedstock 
composition and a fixed range of spray distances, which may limit the 
general applicability of the findings to other carbide–metal systems or 
broader processing conditions. Furthermore, the corrosion evaluation 
was primarily based on short-term electrochemical testing under 
controlled laboratory conditions, which may not fully represent long- 
term service exposure or high-temperature operating environments 
encountered in industrial service conditions. A quantitative correlation 
between corrosion behavior and critical mechanical properties such as 
hardness, adhesion strength, and wear resistance was not established. In 
addition, advanced characterization techniques such as X-ray 

Fig. 6. Equivalent circuit.

Table 3 
Equivalent parameters for EIS.

Sample Rs 
(Ω⋅cm²)

Rcoat 
(Ω⋅cm²)

CPEcoat 
(F⋅cm⁻⁻²⋅sⁿn⁻⁻¹)

Rct 
(Ω⋅cm²)

CPEdl 
(F⋅cm⁻⁻²⋅sⁿn⁻⁻¹)

170 mm 11.8 3.45 × 10 ³ 8.90 × 10⁻⁵ 2.42 × 10⁴ 1.85 × 10⁻⁴
180 mm 12.1 5.96 × 10 ³ 6.75 × 10⁻⁵ 4.81 × 10⁴ 1.12 × 10⁻⁴
190 mm 12.4 9.84 × 10 ³ 4.21 × 10⁻⁵ 8.37 × 10⁴ 6.75 × 10⁻⁵

R. Kuruvila et al.                                                                                                                                                                                                                                Progress in Engineering Science 3 (2026) 100378 

7 



photoelectron spectroscopy (XPS) and transmission electron microscopy 
(TEM) were not employed, thereby limiting a comprehensive under
standing of passive film chemistry, oxide scale evolution, and inter
lamellar bonding mechanisms at the nanoscale.

Future investigations should expand upon the present work by 
exploring additional detonation gun process parameters, including 
detonation frequency, oxygen–fuel ratio, and substrate preheating 
temperature, in order to optimize coating microstructure, architecture 

Fig. 7. CR of the coated samples deposited at different spray distances compared with the uncoated substrate using LPR.

Fig. 8. Surface morphology after corrosion (a) 170 mm, (b) 180 mm, (c) 190 mm.
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and functional performance. Long-term immersion testing and cyclic 
corrosion studies under simulated marine and industrial environments 
are recommended to provide a more realistic evaluation of coating 
durability and service life. The incorporation of advanced surface 
analytical techniques such as XPS and focused ion beam–TEM (FIB-TEM) 
would enable deeper insight into nanoscale passive film stability, 
interfacial bonding mechanisms, and coating-substrate interactions. 
Future studies should also incorporate advanced characterization tech
niques such as XRD, XPS, and TEM/FIB-TEM to correlate phase consti
tution, passive film stability, and interfacial microstructure with 
electrochemical behaviour. Finally, integrating experimental in
vestigations with first-principles Density Functional Theory, Molecular 
Dynamics simulations, and machine learning-assisted process–structur
e–property modelling would provide a comprehensive multiscale un
derstanding of corrosion mechanisms and accelerate the optimization 
and industrial implementation of high-performance Cr₃C₂–25NiCr pro
tective coatings.

5. Conclusion

The systematic investigation on the influence of spray distance on 
the microstructural development and corrosion behavior of Cr3C2-NiCr 
coatings deposited on 2205 duplex stainless steel using the detonation 
gun (D-gun) thermal spray process has the following conclusions. 

• The spray distance significantly influenced the coating microstruc
ture and electrochemical performance. Increasing the spray distance 
promoted the formation of dense, compact, and well-bonded 
Cr₃C₂–25NiCr coatings with reduced porosity, improved inter
lamellar cohesion, and no visible cracks or delamination, thereby 
enhancing corrosion resistance and establishing a clear proc
essing–microstructure–corrosion relationship.

• Among the investigated spray distances, the coating deposited at 
190 mm exhibited the most refined and compact microstructure, 
characterized by lower porosity, improved interlamellar cohesion, 
and more homogeneous lamellar stacking, resulting in superior 
coating integrity.

• Electrochemical investigations (OCP, EIS, and potentiodynamic po
larization) confirmed that all Cr₃C₂–25NiCr coatings enhanced the 
corrosion resistance of DSS 2205 compared with the uncoated sub
strate. The coating deposited at 190 mm demonstrated the best 
corrosion performance, exhibiting the most noble corrosion potential 
(Ecorr = 0.2029 ± 0.0101 V), the lowest corrosion current density 
(Icorr = (1.06 ± 0.05) × 10⁻⁵A cm⁻²), the highest polarization 
resistance (Rp = 1667.52 Ω⋅cm²), and the lowest corrosion rate, 
thereby identifying 190 mm as the optimum spray distance for 
corrosion protection under the investigated conditions

• SEM/EDS analyses revealed that localized corrosion features and Cr- 
and O-enriched surface regions on the coated specimens, effectively 
reduced the density of active corrosion sites and limited electrolyte 
ingress.

• The increase in spray distance promoted higher effective particle 
velocity and improved splat flattening, resulting in denser coatings 
with fewer defects and superior electrochemical stability.

• From an engineering perspective, spray distance is identified as a 
critical process parameter for optimizing D-gun coatings, enabling 
the development of durable corrosion-resistant surfaces for equip
ment operating in aggressive acidic environments of silicon- 
processing industries.
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