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Abstract: Chromium carbide powder agglomerated with nickel/chrome was deposited using a
cold spray process onto a mild steel substrate. The deposits were heat-treated at 650 ◦C and 950 ◦C
in ambient conditions to reduce porosity and improve adhesion between powder particles. The
corrosion behaviour of these cold-sprayed materials was studied in artificial seawater conditions
using electrochemical techniques. Heat treatment at 650 ◦C was found to best improve corrosion
resistance, while the 950 ◦C treatment performed better than the as-sprayed condition but lower than
the 650 ◦C sample. Microstructural analysis revealed complex phase transformations and structural
refinements with increasing heat treatment temperature. The crystallite size of both Cr3C2 and
NiCr phases decreased, while microstrain and dislocation density increased due to heat treatment.
The formation of and subsequent reduction in Cr23C6 content indicated a complex sequence of
carbide dissolution, transformation, and precipitation processes. The 650 ◦C heat-treated sample
demonstrated superior corrosion resistance, evidenced by the highest corrosion potential, lowest
passive current, and largest charge transfer resistance. This enhanced performance was attributed
to the formation of a more stable and protective passive film, optimal carbide dissolution, and a
homogeneous microstructure. Meanwhile, the 950 ◦C treatment led to excessive carbide dissolution
and formed increased interfaces between the carbide and matrix. Mechanical property changes
were also observed, with carbide hardness significantly decreasing after corrosion testing. These
findings highlight the critical role of controlled heat treatment in optimising the performance of cold-
sprayed Cr3C2-NiCr coatings, demonstrating that achieving superior corrosion resistance requires
a delicate balance between microstructural refinement, phase transformations, and preservation of
coating integrity.
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1. Introduction

Cold spray deposition has emerged as a promising solid-state coating technology
in recent years, offering unique advantages over traditional thermal spray methods [1,2].
This process involves accelerating powder particles to supersonic velocities and relies on
plastic deformation upon impact for coating formation, allowing for the deposition of a
wide range of materials without the thermal degradation associated with high-temperature
processes [3,4]. Among the materials of interest for cold spray deposition are nickel
chromium/chromium carbide (NiCr-CrC) cermets, which are widely used in applications
requiring excellent wear and corrosion resistance at elevated temperatures, such as in
aerospace, automotive, and power generation industries [5]. Furthermore, they have been
used on structural repair to mitigate corrosion damage on substrates such as steel [6]. When
used in wear resistance applications, the substrate is usually carbon steel. A review on
the applications of cold spray was carried out by Singh et al. [7]. These cermet coatings
combine the toughness of the metallic NiCr matrix with the hardness and wear resistance
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of chromium carbide particles, making them ideal for protecting components in harsh
environments [8,9].

Traditionally, NiCr-CrC coatings have been applied through methods such as weld
deposition, casting blocks, and thermal spraying [10]. Weld deposition and casting blocks,
commonly used in the mining industry, are limited by equilibrium reactions that dictate
the number of hard constituents (e.g., carbides) and offer minimal control over the size and
distribution of carbides within the matrix, requiring post-welding treatment for further mi-
crostructural control [11]. Furthermore, while traditional deposition methods can produce
thick, wear-resistant layers, they are often restricted to simple geometries and can induce
significant heat-affected zones in the substrate material [12].

Thermal spraying, particularly high-velocity oxygen fuel (HVOF) spraying, has be-
come the predominant method for applying NiCr-CrC coatings due to its versatility and
ability to produce high-quality coatings [10]. However, HVOF and other thermal spray
techniques have some inherent limitations when processing NiCr-CrC materials. The high
temperatures involved in these processes can cause significant issues, including carbide
dissociation, chromium oxidation, and element segregation [3,4]. Specifically, Cr3C2 may
decompose to form Cr7C3 and Cr23C6, altering the intended microstructure and properties
of the coating [13]. These thermal effects can reduce the available chromium for corrosion
resistance and carbide formation, potentially compromising the coating’s performance [14].
Furthermore, thermal sprayed coatings often contain oxides, porosities, and decomposed
carbides, which can reduce wear and corrosion resistance [2].

To address these limitations, cold spray deposition has emerged as a promising alter-
native for applying NiCr-CrC coatings. Cold spray technology offers several advantages
over traditional thermal spray methods for depositing NiCr-CrC coatings. The solid-state
bonding and mechanical interlocking mechanism of cold spray eliminates powder melting,
resulting in preservation of the original powder characteristics [1]. This makes cold spray
particularly suitable for temperature-sensitive materials and tends to produce harder de-
posits due to work hardening [3,4]. Additionally, the process induces high compressive
stresses in the deposits, which can be beneficial for fatigue resistance [2].

However, cold spray is not without its challenges, particularly when it comes to
ceramic-rich materials like NiCr-CrC. The process requires ductile powders for effective
deformation and bonding, which can be challenging for cermet materials [15]. Cold-sprayed
coatings have issues with porosity and incomplete bonding between powder particles [16].
Furthermore, the high degree of plastic deformation during deposition can result in poor
ductility in the final coating [16].

To address these limitations, post-deposition heat treatment is often employed to
reduce porosity and improve ductility in cold-sprayed deposits [16]. Typically, this involves
sintering at temperatures close to the melting point of the material. However, recent
studies have shown that significant improvements in coating properties can be achieved
even at lower temperatures, such as 450 ◦C for chromium carbide coatings [17]. Heat
treatment of NiCr-CrC coatings can induce various transformations in the chromium
carbides, depending on the temperature and atmosphere [16]. Oxidation of chromium in
chromium carbides can occur, leading to the formation of a protective Cr2O3 layer [18].
However, at high temperatures and in the presence of oxygen, this oxide layer may change
to a finely divided form, potentially affecting its protective properties [18].

The corrosion behaviour of NiCr-CrC coatings is of particular interest, especially
considering potential microstructural changes induced by heat treatment. Sensitisation,
a phenomenon observed in stainless steels at around 650 ◦C, could potentially occur in
the NiCr matrix, affecting corrosion resistance [19]. Sensitisation has been reported in
welded stainless steels where the regions adjacent to the grain boundaries are depleted
of chromium, resulting in corrosion. Additionally, the dissolution and reformation of
carbides, as observed in welded stabilised stainless steel, may influence the coating’s
overall performance [20].
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Despite the growing interest in cold-sprayed NiCr-CrC coatings, research on their
corrosion behaviour, particularly at room temperature, remains limited. Most studies
have focused on high-temperature performance or wear resistance [21,22]. Thin chromium
coatings (1 µm) have been applied on valve seatings, and it was found that the oxidation
resistance at 900 ◦C was better than that of uncoated material [23,24]. Additionally, due to
relatively recency of cold spray material, the majority of corrosion studies on NiCr-CrC
coatings have been conducted on HVOF-sprayed samples rather than cold-sprayed ones [2].
This gap in knowledge is significant, as understanding the room temperature corrosion
behaviour is crucial for applications where components may be exposed to corrosive
environments during idle periods or maintenance.

The aim of this study is to address this research gap by investigating the room temper-
ature corrosion properties of cold-sprayed NiCr-CrC coatings on mild steel substrates and
exploring ways to improve their corrosion resistance in artificial seawater which would
simulate conditions for a digger or dredger in seawater. Specifically, we assess the effects
of post-deposition heat treatments at 650 ◦C and 950 ◦C on the coatings’ microstructure,
porosity, and corrosion resistance. Furthermore, we conduct an in-depth analysis of elec-
trochemical processes at different interfaces within the coating structure to enhance our
fundamental understanding of corrosion mechanisms in complex, multi-phase materi-
als. By elucidating the complex interplay between processing conditions, microstructure,
and corrosion resistance, this study provides a more comprehensive understanding of
cermet coating behaviour and the factors affecting the corrosion resistance of cold-sprayed
NiCr-CrC coatings. This research has significant implications for materials science and
engineering, particularly in developing advanced corrosion-resistant coatings.

2. Experimental Procedure
2.1. Material Preparation

For this study, the commercially available powder WIP-C2 from Solvus Global was
deposited using cold spray onto a mild steel plate from an as-received condition. The tech-
nical data sheet describes the powder as chrome carbide agglomerated with nickel/chrome
in the composition of Cr-26Ni-3C and designed for hardness and impact resistance [25,26].
Other researchers for similar powders have found the main form of chromium carbides
to be Cr3C2 [26]. From its data sheet, the expected particle size distribution is provided in
Table 1 [25]:

Table 1. Particle size distribution.

D10% (µm) D50% (µm) D90% (µm)

19 ± 10% 27 ± 10% 45 ± 10%

This powder was sprayed using a WarpSPEE3D machine (SPEE3D Melbourne, VIC,
Australia) [27] with deposition parameters as shown in Table 2: the machine uses a station-
ary nozzle through which the powder is accelerated to supersonic velocities and a robot
arm with the substrate.

Table 2. Cold spray deposition parameters.

Parameter Value

Gas Compressed air

Temperature 800 ◦C

Pressure 30 bar

Working distance 20 mm

Coating thickness 4 mm

Layer thickness 1.8 mm (mild steel)
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Heat treatment was undertaken in air to produce sintering and ensure bonding be-
tween particles. This alloy was heated from room temperature and left to cool in air after
holding at different temperatures for 6 h. Table 3 describes the different temperatures used
for heat treating the samples.

Table 3. Heat treatment parameters.

Name Heat Treatment Temperature Time (Hours)

Sample A (No heat treatment) N/A

Sample B 650 ◦C 6

Sample C 950 ◦C 6

Heat treatment at 650 ◦C was chosen to minimise oxidation of Cr3C2 whilst 950 ◦C
was chosen as the upper limit for heat treatment [21,28].

Following the heat treatment, samples were cut to leave a flat 1 cm × 1 cm surface
for microstructural observation and testing. These samples were electrically connected
and fixed in epoxy, leaving only the flat surface exposed to serve as a working electrode.
Samples were also polished to a 1 µm finish and etched with 5% Nital for microstructural
observation.

For the environmental medium, artificial seawater was prepared in which the sam-
ples were exposed. This artificial seawater was created as per ASTM D1141-98, with the
composition shown in Table 4 [29].

Table 4. Artificial seawater composition.

Compound Concentration (g/L)

NaCl 24.53

MgCl2 5.20

Na2SO4 4.09

CaCl2 1.16

KCl 0.695

NaHCO3 0.201

KBr 0.101

H3BO3 0.027

SrCl2 0.025

NaF 0.03

2.2. Hardness Testing

The hardness of samples was evaluated both before and after corrosion testing. This
was conducted using a DuraScan 70 machine, (Struers, Milton, QLD, Australia). A 0.1 kg
load was used to separately measure the hardness of both carbides and the matrix and to
view the indentations. Three separate tests at different locations were undertaken, with the
average of the three results being reported in this investigation.

2.3. Electrochemical Testing

Electrochemical corrosion measurements were taken on each sample under a three-
electrode cell setup and a Gamry 1010E potentiostat. With the samples serving as the
working electrodes, Ag/AgCl- and platinum-coated electrodes served as the working and
counter electrode, respectively. Before measurement, samples were polished as described
in Section 2.1.



Metals 2024, 14, 1153 5 of 28

Before testing, samples were left exposed to the artificial seawater solution to allow the
system to normalise for an hour. Open circuit potential (OCP) was then taken after 5 min,
with potentiodynamic polarisation tests taken at a scan rate of 0.167 mV/s. This potentio-
dynamic polarisation was started from −0.2 V below OCP. Based on the potentiodynamic
plots, potentiostatic points were chosen at different potentials to observe corrosion effects
on the microstructures. Selection and analysis of this behaviour were undertaken using
Gamry Echem Analyst software (version 7.9.0).

Similarly, electrochemical impedance spectroscopy (EIS) measurements for each sam-
ple were taken after exposing the samples to the artificial seawater solution for an hour.
OCP was also recorded for 5 min before starting EIS tests. EIS was taken over the range
from 0.1 to 100,000 Hz with ±10 mV.

2.4. Microscopy and Chemical Analysis

Deposited samples were studied by optical methods and Scanning Electron Mi-
croscopy. For optical characterisation, samples were observed using a Nikon Eclipse
(Otwara, Japan, supplied by Struers Australia) MA100 microscope at a 50× objective. Mi-
croscopy images were analysed using imageJ software (version 1.54) for carbide volume
fraction.

A Scanning Electron Microscope (PhenomXL) was also used to observe the microstruc-
ture and take Energy Dispersive X-ray Spectroscopy measurements both before and after
corrosion. X-ray diffraction (XRD) measurements were carried out using Malvern PANan-
alytical Empyrean (Malvern Pananalytical, Sydney, NSW, Australia) to study the phases
and phase changes both before and after heat treatment. XRD equipment was run using a
copper target, and the parameters used were 2θ = 20–90◦, step size = 0.0394◦, and a time of
300 s per step.

3. Results
3.1. Microstructural Characterisation

The top side of the deposits was characterised using optical microscopy and SEM, as
seen in Figures 1–3. The figures show ovular primary carbides are surrounded by a eutectic
matrix structure. Dark voids are present in the non-heat-treated Sample A and the 650HT
Sample B. Fewer of these voids appear after heat treatment after 950 ◦C, as can be more
easily seen in the optical microscopy pictures in Figures 1–3. The formation of such voids is
noted in the literature to be more likely due to carbide particle pullout rather than “true”
pores within the coating [6].

The samples heat-treated at 950 ◦C show a marked carbide decomposition compared
to the samples heat-treated at 650 ◦C.

The number and size of carbides were evaluated from the optical microscopy pictures.
This was carried out using three equally sized images from each sample, with typical
surfaces as shown previously in Figures 1–3.

From Table 5, it can be seen that heat treatment decreased both the average size and
number of carbides. This trend appears consistent as heat treatment temperature increases.
For instance, the mean carbide size decreases from 154 µm2 to 138 µm2 to 98.7 µm2 as
heat treatment temperature increases from 650 ◦C to 950 ◦C. Similarly, the maximum
carbide size found on the 950HT Sample C was almost half that of the maximum carbide
found in the non-heat-treated original sample (322 µm2 and 628 µm2, respectively). Given
this reduction in size and number of the carbides, this optical analysis indicates that the
chromium carbides increasingly dissolve into the matrix as heat treatment temperature
also increases.
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Figure 1. Microstructure of Sample A (non-heat-treated) showing primary carbides surrounded by 
NiCr matrix as well as voids for (a) SEM at lower magnification, (b) SEM at higher magnification, 
and (c) optical microscopy. 

Figure 1. Microstructure of Sample A (non-heat-treated) showing primary carbides surrounded by
NiCr matrix as well as voids for (a) SEM at lower magnification, (b) SEM at higher magnification,
and (c) optical microscopy.
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Figure 2. Microstructure of Sample B heat-treated at 650 °C for (a) SEM at lower magnification, (b) 
SEM at higher magnification, and (c) optical microscopy. 

Figure 2. Microstructure of Sample B heat-treated at 650 ◦C for (a) SEM at lower magnification,
(b) SEM at higher magnification, and (c) optical microscopy.
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Figure 3. Microstructure of Sample C heat-treated at 950 °C for (a) SEM at lower magnification, (b) 
SEM at higher magnification, and (c) optical microscopy. 

Figure 3. Microstructure of Sample C heat-treated at 950 ◦C for (a) SEM at lower magnification,
(b) SEM at higher magnification, and (c) optical microscopy.
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Table 5. Carbide distribution from Figures 1–3.

Sample Mean Carbide
Size (µm2)

Min Carbide
Size (µm2)

Max Carbide
Size (µm2)

SD
(µm2)

Total No. of
Carbides

noHT Sample A 154 9 628 6.1 145

650HT Sample B 138 8 504.6 7.4 122

950HT Sample C 98.7 5.5 322 5.5 90

Similar quantification of surface voids was undertaken using images such as those
within Figures 1–3. As with quantification of carbides in imageJ, this was performed using
three equally sized images from each sample. The results for these measurements are
shown in Table 6.

Table 6. Void estimation via imageJ from Figures 1–3.

Sample Mean Void Size
(µm2)

Min Void
Size (µm2)

Max Void
Size (µm2)

SD
(µm2)

Total No. of
Voids

noHT Sample A 9 0.4 189 0.5 121

650HT Sample B 8 0.3 170 0.2 75

950HT Sample C 4 0.3 46 0.1 35

Quantification in this manner confirms the reduction in both average size and number
of voids with increasing heat treatment. Interestingly, the average void size for the 650HT
Sample B appears to remain close to that for the noHT Sample A (8 µm2 compared to
9 µm2), as does the maximum void size (170 vs. 189 µm2), despite having a significantly
lower number of voids (75 compared to 121). This suggests that at this heat treatment
temperature, the smaller voids were the most reduced, whilst the larger voids only began
to shrink slightly.

SEM-EDS analysis of the uncorroded samples was also undertaken. As with the optical
microscopy, the SEM imagery showed ovular-shaped chromium carbides surrounded by
a matrix material. Elemental analysis by EDS was conducted on the matrix and carbides.
Representative locations for the carbide and matrix EDS analysis are shown in Figure 4.

From this, the comparison of elemental compositions of the carbides and the ma-
trix between all samples in their as-sprayed state and post-heat treatments is shown in
Tables 7 and 8.

Table 7. Matrix comparison of sample compositions via EDS (wt%).

Label C Cr Ni Total

Sample A (noHT) 2.8 7.9 89.3 100

Sample B (HT 650 ◦C) 1.90 10.5 87.6 100

Sample C (HT 950 ◦C) 1.8 20.6 77.6 100

Table 8. Carbide comparison of sample compositions via EDS (wt%).

Label C Cr Ni Si Total

Sample A (noHT) 2.3 86.6 10.5 0.6 100

Sample B (HT 650 ◦C) 2.90 85.4 11.7 - 100

Sample C (HT 950 ◦C) 3.41 81.6 14.9 - 100
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ture, from 87.6 to 77.6 wt% at 650 °C and 950 °C, respectively. Similarly, in the as-sprayed 
state, chromium was found to be 7.9 wt% in the matrix for the original noHT Sample A. 
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Figure 4. SEM-EDS surface indicating locations of matrix and carbide analysis, with example at
950 ◦C.

From Table 7, the noHT Sample A had the highest nickel content in the matrix, at
89.3 wt%. This nickel content in the matrix decreases with increasing heat treatment
temperature, from 87.6 to 77.6 wt% at 650 ◦C and 950 ◦C, respectively. Similarly, in the
as-sprayed state, chromium was found to be 7.9 wt% in the matrix for the original noHT
Sample A. This increased to 10.5%Cr in the 650HT Sample B and 20.6%Cr for the 950HT
Sample C.

The composition of the carbides is provided in Table 8. The composition of the carbides
for the noHT Sample A showed the highest chromium content at 86.6 wt% and the lowest
nickel content at 10.5%. With increasing heat treatment temperatures, there is a decrease
in the wt% of chromium (85.4% to 81.6%) and an increase in the wt% of nickel (11.7% to
14.9%), respectively. This shows that it is likely that these carbides dissolve during heat
treatment. This dissolution increases as heat treatment temperature increases. At 950HT,
nickel content increased to 14.9% from 10.5 wt% in the noHT Sample A. This increase in
nickel is most likely from the matrix. This is further supported by the optical microscopy
results in Table 5 showing a decrease in the size and number of carbides during heat
treatment.

X-ray diffraction (XRD) was also used to gauge changes in microstructural composition
during heat treatment. This confirmed the presence of Cr3C2 peaks at 2θ ≈ 53◦ and
77◦ [26,30] as well as Ni/NiCr at 2θ ≈ 44◦ [26], as seen in Figure 5. Closer analysis of the
XRD spectrum over 35–55◦ also reveals chromium carbides present in the form Cr23C6, as
seen in Figure 6.
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Rietveld analysis was conducted on the XRD spectra in order to gauge changes in the
proportion of compounds using High Score software (version 5.2). The analysis was carried
out in the range of 2θ = 35–55◦ where chromium carbide is expected. These results found
that Cr23C6 content grew from 8.2% in the noHT Sample A to 13.9% in 650HT Sample
B before reducing again to 6.4% in the 950HT Sample C, with nickel/nickel chromium
being the remaining proportion to balance. This indicates that carbides were increasingly
transformed with heat treatment into a more stable Cr23C6 state at 650 ◦C, whilst at 950 ◦C
these carbides were being dissolved back into the matrix. It is important to note that
although compositional percentage changes for Cr23C6 are given through this analysis,
these are not the true compositional values due to the lack of Cr3C2 analysis.

XRD data can also be used to calculate other parameters such as crystallite size,
microstrain, and dislocation density, as they provide insights into the crystallographic
changes with the microstructural evolution due to heat treatment. Origin software (Version
10.1.5.132) was used to find the angle position (2θ) and full width at half maximum (β)
of the peaks. Using a wavelength λ of 1.54 (for the copper target) and Equations (1)–(3),
crystallite size, microstrain, and dislocation density were calculated [30]. The results are
provided in Table 9 and in Figures 7–9.

Crystallite Size =
0.94λ

βcosθ
(1)

Microstrain =
β

4tanθ
(2)

Dislocation Density = (Crystallite Size)−1 (3)
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Figure 6. XRD for 2θ = 35–55◦: (a) noHT Sample A, (b) 650HT Sample B, and (c) 950HT Sample C.

Table 9. Calculated XRD parameter values.

Peak Type Alloy 2θ (◦) β (◦) D (nm) Microstrain
(ε)

Dislocation
Density

(10−9 m−2)

Cr3C2 noHT 64.1 0.420 23.3 0.00293 0.00184

Cr3C2 650HT 63.7 0.461 21.2 0.00323 0.00222

Cr3C2 950HT 63.6 0.532 18.3 0.00374 0.00297

NiCr noHT 44.8 0.277 32.4 0.00295 0.000952

NiCr 650HT 44.1 0.344 26.1 0.0037 0.00147

NiCr 950HT 44.1 0.368 24.3 0.00396 0.00169
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𝐷𝑖𝑠𝑙𝑜𝑐𝑎𝑡𝑖𝑜𝑛 𝐷𝑒𝑛𝑠𝑖𝑡𝑦 = (𝐶𝑟𝑦𝑠𝑡𝑎𝑙𝑙𝑖𝑡𝑒 𝑆𝑖𝑧𝑒)ିଵ (3)

Table 9. Calculated XRD parameter values. 

Peak Type Alloy 2θ (°) β (°)  D (nm) Microstrain (ε) 
Dislocation 

Density (10−9 
m−2) 

Cr3C2 noHT 64.1 0.420 23.3 0.00293 0.00184 
Cr3C2 650HT 63.7 0.461 21.2 0.00323 0.00222 
Cr3C2 950HT 63.6 0.532 18.3 0.00374 0.00297 
NiCr noHT 44.8 0.277 32.4 0.00295 0.000952 
NiCr 650HT 44.1 0.344 26.1 0.0037 0.00147 
NiCr 950HT 44.1 0.368 24.3 0.00396 0.00169 

 
Figure 7. Crystallite sizes of Cr3C2 and NiCr. Figure 7. Crystallite sizes of Cr3C2 and NiCr.

Metals 2024, 14, x FOR PEER REVIEW 14 of 30 
 

 

 
Figure 8. Microstrain values of Cr3C2 and NiCr. 

 
Figure 9. Dislocation densities of Cr3C2 and NiCr. 

The microstructural evolution of Cr3C2-NiCr coatings subjected to heat treatment at 
varying temperatures reveals complex phase transformations and structural refinements 
that significantly impact the coating’s properties. In the as-sprayed state, the XRD pattern 
reveals two primary phases: Cr3C2 (chromium carbide) and the NiCr matrix. The Cr3C2 
phase is identified by strong peaks at 2θ values of approximately 53° and 77°, confirming 
the presence of the intended hard carbide [31]. The face-centred cubic (FCC) nickel/chro-
mium solid solution matrix is evidenced by peaks at 2θ values around 44° [26]. The broad, 

Figure 8. Microstrain values of Cr3C2 and NiCr.

The microstructural evolution of Cr3C2-NiCr coatings subjected to heat treatment at
varying temperatures reveals complex phase transformations and structural refinements
that significantly impact the coating’s properties. In the as-sprayed state, the XRD pat-
tern reveals two primary phases: Cr3C2 (chromium carbide) and the NiCr matrix. The
Cr3C2 phase is identified by strong peaks at 2θ values of approximately 53◦ and 77◦,
confirming the presence of the intended hard carbide [31]. The face-centred cubic (FCC)
nickel/chromium solid solution matrix is evidenced by peaks at 2θ values around 44◦ [26].
The broad, asymmetric nature of these peaks suggests some degree of alloying and potential
nanocrystalline or amorphous structure in the as-sprayed matrix.
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Heat treatment at 650 ◦C induces several notable changes in the coating’s microstruc-
ture. The relative intensity of the Cr3C2 peaks increases compared to the as-sprayed
condition, suggesting potential precipitation of additional carbides from the supersaturated
matrix. A small shift to higher 2θ angles is observed for the NiCr matrix peaks, indicating
a reduction in lattice parameters due to the precipitation of dissolved carbide-forming
elements. Interestingly, small peaks corresponding to Cr23C6 are detected, with quantitative
analysis revealing approximately 13.9% Cr23C6 content. This indicates the onset of carbide
transformation at 650 ◦C, consistent with the known phase transformations in the Cr-C
system at this temperature [19].

Further heat treatment at 950 ◦C leads to more pronounced microstructural changes.
All peaks become more intense, indicating continued grain growth and stress relief. The
relative intensity of the Cr3C2 peaks increases further, suggesting more extensive carbide
precipitation and growth. Surprisingly, the Cr23C6 content decreases to 6.4% compared
to the 650 ◦C sample, which may be due to either dissolution back into the matrix or
transformation to other carbide phases not clearly resolved in the XRD pattern.

The XRD data also provide insights into the changes in crystallite size (D), microstrain
(ε), and dislocation density for both the Cr3C2 and NiCr phases. For the Cr3C2 phase,
the crystallite size decreases from 23.32 nm in the as-sprayed condition to 21.21 nm at
650 ◦C and further to 18.35 nm at 950 ◦C. Concurrently, the microstrain in the Cr3C2 phase
increases from 0.00293 to 0.00323 at 650 ◦C and 0.00374 at 950 ◦C, indicating a rise in lattice
distortions and defects. The dislocation density also shows an increasing trend, rising from
0.00184 × 10−9 m−2 to 0.00222 × 10−9 m−2 at 650 ◦C and 0.00297 × 10−9 m−2 at 950 ◦C.

The NiCr matrix also exhibits similar trends in its microstructural evolution. The
crystallite size of the matrix phase decreases from 32.41 nm in the as-sprayed condition to
26.05 nm at 650 ◦C and 24.33 nm at 950 ◦C, indicating a refinement of the matrix crystal
structure. The microstrain in the NiCr matrix increases from 0.00295 to 0.00370 at 650 ◦C
and 0.00396 at 950 ◦C, suggesting a rise in lattice distortions. The dislocation density shows
a significant increase from (9.52 × 10−4) × 10−9 m−2 to (1.47 × 10−3) × 10−9 m−2 at 650 ◦C
and (1.69 × 10−3) × 10−9 m−2 at 950 ◦C.

These microstructural changes can be attributed to several mechanisms occurring
during heat treatment. The partial transformation of Cr3C2 to Cr23C6 at higher temperatures
introduces additional phase interfaces and stresses. The relaxation of residual stresses from
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the cold spray process is coupled with the generation of new thermal stresses during
heat treatment. The refinement of the matrix structure occurs through the precipitation
of dissolved elements and the formation of new interface boundaries. The observed
microstructural evolution has important implications for the coating’s performance. The
refinement of both carbide and matrix structures could potentially lead to changes in
hardness. However, the increases in microstrain and dislocation density may affect the
coating’s ability to accommodate deformation.

The XRD results correlate well with the microstructural characterisation data, which
show a decrease in average carbide size from 154 µm2 in the non-heat-treated condition to
98.7 µm2 at 950 ◦C, consistent with the reduction in Cr3C2 peak intensities. The increase
in matrix Cr content from 7.9 wt% to 20.6 wt% at 950 ◦C (shown in Table 7) aligns with
the observed peak shifts in the NiCr matrix, confirming significant chromium diffusion.
The decrease in carbide Cr content from 86.6 wt% to 81.6 wt% at 950 ◦C supports the XRD
evidence of carbide dissolution and transformation.

The microstructural evolution during heat treatment exhibits some intriguing and
atypical behaviours. The decrease in crystallite size, coupled with increases in dislocation
density and microstrain, suggests a complex interplay of mechanisms occurring within the
alloy system. One possibility is the precipitation of fine secondary phases, such as carbides,
within the NiCr matrix during heat treatment. It could be speculated that these precipitates
may act as barriers to grain growth and even promote the formation of new, smaller grains.
Additionally, if the heat treatment temperature falls within a specific range, it might trigger
recrystallisation processes, leading to the formation of new, finer phases from the highly
deformed cold-sprayed structure [19].

The increase in dislocation density is equally unusual, as annealing typically reduces
dislocation content. This behaviour might be explained by thermal mismatch between the
NiCr matrix and CrC particles, generating new dislocations during cooling from the heat
treatment temperature. Phase transformations or partial dissolution and reprecipitation
of carbides could also introduce new dislocations due to volume changes and lattice
mismatches [32]. The presence of two phases with different thermal properties can lead to
the development of internal stresses, further contributing to dislocation generation [33].

The observed increase in microstrain is consistent with the rise in dislocation density,
as microstrain is often directly related to the presence of lattice defects. The formation
of new phases or changes in existing phases during heat treatment could lead to local
lattice distortions, increasing overall microstrain. These observations suggest that the heat
treatment is causing modifications to the alloy’s structure, possibly involving precipitation,
phase transformations, and thermal stress effects. The simultaneous decrease in crystallite
size and increases in dislocation density and microstrain indicate a delicate balance between
competing mechanisms of microstructural evolution.

It is worth noting that similar complex behaviours have been observed in other alloy
systems. For instance, in some high-entropy alloys, particle size effects have been shown to
significantly influence dislocation density, microstructure, and phase transformations [34].
In aluminium alloys, solution heat treatment can lead to significant changes in grain size,
precipitate distribution, and consequently, mechanical properties [35].

The heat treatment of Cr3C2-NiCr coatings results in a complex interplay of phase
transformations, precipitation phenomena, and structural refinements. The formation of
new carbide phases, such as Cr23C6, along with the observed changes in crystallite size,
microstrain, and dislocation density, highlight the dynamic nature of these coatings under
thermal exposure. The refinement of the microstructure and such temperature-induced
changes are expected to impact the coating’s corrosion resistance, which is explored in the
following sections.
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3.2. Electrochemical Impedance Spectroscopy

Electrochemical impedance spectroscopy (EIS) was undertaken for each sample under
a three-electrode setup, with artificial seawater as the solution medium. The results from
the EIS are shown in Figures 10 and 11.
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Results from the EIS data can be modelled to equivalent circuit models in order to
gauge their behaviour. For coatings, this is expected to follow the double layer model
Rsoln[Cc[Rpo[CcorRcor]]] as shown in Figure 12 [36].
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In this model, Rsoln indicates solution resistance, Rpo represents porous resistance of
the coating, Cc represents coating capacitance, Ccor represents the double layer capacitance,
and Rcor represents charge transfer resistance [36]. With this model, it was also found that
the system was better represented by replacing the capacitors with constant phase elements
(Q), which may be due to non-homogeneity within the system such as that due to imperfect
coatings. As such, the representation parameters obtained from modelling this system are
shown in Table 10.

Table 10. EIS parameters obtained from equivalent circuit modelling.

Sample Rsoln (Ω) Qc
(Ω−1cm−2sn) nc Rpo (Ω) Qcor

(Ω−1cm−2sn) ncor
Rcor
(Ω) Chi2

noHT
Sample A 39.79 8.89× 10−6 0.7763 1.90× 104 1.75× 10−5 0.4203 4.61× 105 1.57× 10−4

650HT
Sample B 39.76 9.86× 10−6 0.754 2.77× 104 7.11× 10−6 0.2993 1.37× 106 2.44× 10−4

950HT
Sample C 37.00 4.88× 10−6 0.8554 0.01371 1.93× 10−5 0.2616 3.03× 105 8.12× 10−5

Chi-squared values found from these models were all less than 10−3, indicating a high
quality of fit towards the data.

The electrochemical impedance spectroscopy (EIS) results for the heat-treated NiCr-
CrC coatings reveal significant differences in corrosion behaviour among the samples,
providing valuable insights into the effects of heat treatment on the coating’s microstructure
and electrochemical properties. The Nyquist plot (Figure 10) shows distinct semicircular
arcs for each sample, with the 650 ◦C heat-treated sample (Sample B) exhibiting the largest
arc diameter, followed by the non-heat-treated sample (Sample A), and the 950 ◦C heat-
treated sample (Sample C) showing the smallest arc. This trend is consistent with the charge
transfer resistance (Rcor) values extracted from the equivalent circuit modelling (Table 10),
where Sample B demonstrates the highest Rcor (1.37 × 106 Ω), indicating superior corrosion
resistance compared to Samples A (4.61 × 105 Ω) and C (3.03 × 105 Ω). The observed
differences in corrosion behaviour can be attributed to microstructural changes induced
by heat treatment. At 650 ◦C, the coating likely undergoes beneficial transformations that
enhance its protective properties. This temperature may promote the formation of a more
compact and homogeneous microstructure, potentially through the reduction in porosity
and the redistribution of chromium carbides. The increased Rcor for Sample B suggests the
formation of a more stable passive layer, which acts as a barrier against corrosive species.
Conversely, the 950 ◦C heat treatment (Sample C) appears to have a detrimental effect on
the coating’s corrosion resistance.
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The non-heat-treated sample (A) shows intermediate performance, suggesting that
while the as-sprayed coating provides some corrosion protection, it can be further im-
proved through optimised heat treatment. The capacitance values (Qc and Qcor) pro-
vide additional insights into the coating’s properties. Sample C exhibits the lowest Qc
(4.88 × 10−6 Ω−1cm−2sn), which might indicate a thicker oxide layer with respect to spe-
cific phases or altered dielectric properties due to the high-temperature treatment. How-
ever, its higher Qcor (1.93 × 10−5 Ω−1cm−2sn) suggests increased surface area at the
coating/electrolyte interface, consistent with the observed high porosity.

These EIS results align with findings from previous studies on heat-treated Cr3C2-
NiCr coatings. For instance, Matthews et al. observed that heat treatment at moderate
temperatures (500–700 ◦C) led to beneficial microstructural changes, including carbide
precipitation and matrix densification, which improved corrosion resistance [37]. However,
treatments at higher temperatures (>800 ◦C) resulted in excessive carbide coarsening
and potential chromium depletion in the matrix, compromising the coating’s protective
properties [28]. Primarily, excessive carbide dissolution occurs at this elevated temperature,
where chromium carbides may dissolve into the matrix. This process can potentially create
new pores or channels within the coating structure, leading to a more interconnected pore
network. Such interconnectivity facilitates easier electrolyte penetration, despite the overall
reduction in total porosity.

Figure 11a shows the Bode plot (phase angle vs. frequency) observed for the three
samples. The behaviour in the low-frequency regime is particularly important as it relates
to the electrochemical processes occurring at the electrode/electrolyte interface. In the
low-frequency region, Sample B (650 ◦C heat-treated) exhibits a higher phase angle of 45◦

at 0.1 Hz, indicating superior corrosion resistance and suggesting formation of a more
stable, protective passive film. This aligns with the optimised microstructure observed in
the SEM analysis, where the balanced carbide size (138 µm2) and increased Cr23C6 content
(13.9%) potentially contribute to enhanced passivation behaviour.

Conversely, Sample C (950 ◦C heat-treated) shows the lowest phase angle of 30◦ at
very low frequencies (0.1 Hz), implying that despite improved homogeneity, the 950 ◦C
treatment may result in a less effective corrosion barrier. This could be attributed to the
excessive carbide dissolution (carbide size reduced to 98.7 µm2). In the mid-frequency
range at about 80–100 Hz, all samples show a continued increase in phase angle. Sample
C exhibits the steepest rise, overtaking Sample A around 10 Hz and reaching the highest
peak around 100 Hz. Sample B maintains a relatively steady increase, reaching its peak at a
slightly higher frequency than Sample C. Sample A shows the least pronounced peak in
this region.

The behaviour in the mid-frequency range often relates to the properties of the coating
itself, including its porosity and overall integrity. The steeper rise and higher peak of
Sample C could indicate that the high-temperature treatment at 950 ◦C likely led to the
formation of new interfaces within the coating microstructure. These interfaces could be
between different phases or at grain boundaries. The sharp peak at 100 Hz may represent
the charge transfer processes occurring at these newly formed interfaces. According to
recent research on Ni-Cr alloys, high-temperature treatments can lead to the formation
of complex oxide layers with distinct interfaces between metal/inner oxide and inner
oxide/outer oxide layers [38]. The charge transfer across these interfaces could contribute to
the observed peak. The peak also indicates a time constant typically associated with another
specific electrochemical process [39]. This peak suggests improved coating homogeneity,
attributable to significant carbide size reduction (98.7 µm2) and increased matrix Cr content
(20.6 wt%) as observed in microstructural characterisation. These changes likely created
new diffusion pathways within the coating. The peak at 100 Hz could represent the
characteristic frequency of ion diffusion through these modified pathways, as due to the
lowest pore resistance compared to other samples as observed in Table 9. Sample B’s
moderate but steady response indicates a balanced microstructure combining good coating
integrity with optimal passive film properties. Sample B’s optimised carbide size and
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distribution likely contribute to its favourable electrochemical impedance response [40].
Sample A lacks such a pronounced peak, suggesting a more homogeneous electrochemical
response, potentially indicating a uniform passive film compared to Sample C, with higher
overall corrosion resistance as observed in Table 9.

In the high-frequency range (>1000 Hz), all samples converge towards lower phase
angles, approaching purely resistive behaviour, typical in electrochemical systems and
representing electrolyte resistance response [39]. This convergence indicates similar bulk
electrolyte properties for all samples. However, subtle differences in approaching this
convergence point can provide information about coating pore resistance and capacitance.

Figure 11b shows the Bode plot displaying the modulus of impedance (|Z|) versus
frequency on a logarithmic scale for all three samples. At low frequencies (0.1–1 Hz),
the impedance values provide information about the overall corrosion resistance of the
coating system. In this region, we observe that the 650 ◦C heat-treated sample (red line)
exhibits the highest impedance, followed by the 950 ◦C heat-treated sample (blue line),
and lastly, the non-heat-treated sample (black line). This trend suggests that heat treat-
ment, particularly at 650 ◦C, enhanced the corrosion resistance of the coating. The higher
impedance of the 650 ◦C heat-treated sample indicates a more effective barrier against
corrosive species, which could be attributed to microstructural changes induced by the
heat treatment. Previous studies have shown that moderate heat treatment temperatures
can lead to the formation of beneficial phases and improved coating densification [41].
The enhanced corrosion resistance at 650 ◦C may be due to the optimal balance between
carbide dissolution and matrix phase transformation, resulting in a more homogeneous
and protective coating structure. Furthermore, the behaviour in the low- to mid-frequency
range provides insights into the properties of the electrochemical double layer at the coat-
ing/electrolyte interface. The higher impedance of the 650 ◦C sample indicates a more
effective barrier against charge transfer processes, which is crucial for long-term corrosion
protection [39].

3.3. Corrosion Evaluation
3.3.1. Potentioodynamic Results

Potentiodynamic tests were conducted by exposing the samples in a three-electrode
setup to artificial seawater at a neutral pH of 7. The results are shown in Figure 13.
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Figure 10 presents the potentiodynamic polarisation curves for Samples A, B, and C,
illustrating the differences in corrosion behaviour between the non-heat-treated sample and
those heat-treated at 650 ◦C and 950 ◦C, respectively. The potentiodynamic polarisation
curves provide valuable insights into the corrosion behaviour of the NiCr-CrC coatings
subjected to different heat treatments.

Using Tafel plot analysis from Gamry Echem Analyst software, Icorr and Ecorr can also
be found to further validate the visual analysis as well as the values of EOC. These are
reported in Table 11.

Table 11. Corrosion parameters generated from Tafel analysis.

Variable Sample A (noHT) Sample B (650HT) Sample C (950HT)

EOC −550 −95 −305

Ecorr (mV) −564.2 −79.9 −297

Icorr (A/cm2) 4.54 × 10−6 6.5 × 10−11 1.7 × 10−10

The sample heat-treated at 650 ◦C (Sample B) demonstrates superior corrosion resis-
tance compared to the sample heat-treated at 950 ◦C (Sample C) and the non-heat-treated
sample (Sample A). Sample B exhibits the most favourable characteristics, having the most
positive Ecorr of −79.9 mV, indicating the slowest corrosion rate, as well as the lowest Icorr
value of 6.5 × 10−11 A/cm2.

These features indicate that the 650 ◦C heat treatment optimised the microstructure of
the NiCr-CrC coating, resulting in enhanced corrosion resistance. The wide passive region
suggests the formation of a stable and protective passive film. The heat treatment process at
650 ◦C is crucial in promoting the formation of passivity on the surface of NiCr-CrC coatings,
leading to a significant improvement in their corrosion behaviour. This enhancement in
passivation behaviour is attributed to the transformation of the coatings into a crystalline
structure, particularly rich in chromium oxides, which contributes to the coatings’ ability to
resist corrosion and passivate the surface effectively [28]. Furthermore, the heat treatment
process induces microstructural changes in the coatings, such as the transformation of the
amorphous phase into a nanocrystalline structure, which further strengthens the coatings
and enhances their mechanical properties [42]. The formation of these passive layers on the
surface of the coatings after heat treatment at 650 ◦C enhances their resistance to aggressive
environments by providing a protective barrier against corrosive elements. The presence of
these oxide layers alters the surface chemistry of the coatings, improving their passivation
behaviour and overall corrosion resistance [28].

The sample heat-treated at 950 ◦C (Sample C) shows intermediate corrosion resistance.
It has a lower corrosion potential of approximately −0.25 V, and an average passive current
of about 4 × 10−9 A/cm2. The data from Table 11 support this observation, showing
Sample C with an intermediate Ecorr of −297 mV, significantly lower than that of Sample B
and higher than that of Sample C. While this sample performs better than the non-heat-
treated sample, it is not as effective as the 650 ◦C treatment. Excessive heat treatment
temperatures exceeding 900 ◦C in NiCr-CrC coatings have been found to have detrimental
effects on the microstructure of the coatings. Such microstructural changes compromise
the coating’s ability to form a stable passive film, ultimately resulting in reduced corrosion
resistance. Specifically, at 950 ◦C, there is a risk of partial dissolution, which can diminish the
effectiveness of carbide dispersion in enhancing corrosion resistance [21]. This dissolution
can be seen in SEM imagery such as in Figure 3.

The non-heat-treated sample (Sample A) of NiCr-CrC coatings demonstrates inferior
corrosion resistance, characterised by a low corrosion potential of approximately −0.50 V,
and an average passive current density of 4 × 10−3 A/cm2. This inferior corrosion resistance
is further evidenced with Sample A having the most negative Ecorr of −564.2 mV and
the highest Icorr of 4.54 × 10−6 A/cm2, indicating the fastest corrosion rate among the
three samples, as shown in Table 10. This lower corrosion resistance behaviour in the
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non-heat-treated sample can be attributed to the as-sprayed microstructure, which typically
contains residual stresses, porosity, and a non-uniform distribution of phases.

The exceptional performance of the 650 ◦C heat-treated sample in NiCr-CrC coatings
can also be attributed to phase transformations and diffusion processes facilitated by this
specific heat treatment temperature. It is well expected that there is sufficient atomic mobil-
ity to allow for the redistribution of alloying elements and the formation of beneficial phases
within the coatings without inducing excessive grain growth or unwanted precipitations.
It also facilitates achieving a microstructure with optimised carbide distribution and matrix
refinement. Research has shown that heat treatment promotes the formation of fine, evenly
distributed Cr23C6 carbides within the coatings, which act as effective barriers against
corrosion [28]. Moreover, the 650 ◦C heat treatment likely strikes an optimal balance in
terms of residual stress relief. Moderate heat treatment temperatures have been shown
to effectively reduce residual stresses in cold-sprayed coatings without causing thermal
damage or compromising the integrity of the coating/substrate interface. This stress re-
lief mechanism plays a crucial role in enhancing corrosion resistance by minimising the
likelihood of microcrack formation and enhancing the overall cohesion of the coating [43].

3.3.2. Potentiostatic Tests and Characterisation

Using the potentiodynamic plots as a guide, potentiostatic points can be chosen for
testing to investigate any changes on the surface. For all three samples, a potentiostatic
point of 2.0V was chosen due to being the final point swept during the potentiodynamic
test. Additionally, a potentiostatic point of 45 mV was chosen for the noHT Sample A to
reflect the point of inflection on the potentiodynamic plot.

Optical microscopy results of potentiostatic points taken after initial as-polished state
are shown in Figures 14–17.
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From the optical imagery in Figure 14, it appears that holding the noHT Sample A
surface at 45 mV does not significantly affect its characteristics compared to its non-corroded
state. However, testing at 2.0 V for the noHT Sample A showed significant damage to the
matrix, whilst the carbides appeared to mainly remain intact, as seen in Figure 15. This is
in contrast to the heat-treated samples, where testing the 2.0 V potentiostatic point did not
appear to yield significant damage to the surface, as seen in Figures 16 and 17.
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Chemical composition analysis of the corroded surfaces after being held at the 2.0 V po-
tentiostatic point was conducted via EDS, and the results are provided in Tables 12 and 13.

Table 12. Matrix post-corrosion sample compositions via EDS (wt%).

Label C Cr Ni Total

Sample A (noHT) 2.2 5.3 92.7 100

Sample B (HT 650 ◦C) 1.80 10.8 87.4 100

Sample C (HT 950 ◦C) 1.2 13.4 85.4 100

Table 13. Carbide post-corrosion sample compositions via EDS (wt%).

Label C Cr Ni Si Total

Sample A (noHT) 3.2 81.0 14.8 0.8 100

Sample B (HT 650 ◦C) 2.30 82.3 14.6 0.5 100

Sample C (HT 950 ◦C) 4.2 77.6 17.6 0.6 100

Notably, as per Tables 7 and 12, the proportion of chromium content in the matrix
decreased after corrosion for Samples A and C (7.9 wt%to5.3 wt% and 20.6 wt%to13.4 wt%
for Samples A and C, respectively). However, the chromium content within the matrix
for the 650HT Sample B remained approximately consistent (10.5 wt%to10.8 wt%), which
could potentially be attributable to it having the highest resistance towards corrosion, as
seen in previous potentiodynamic and EIS results.

3.4. Hardness Tests

A comparison of hardness from both the uncorroded samples and after holding at a
potentiostatic point of 2.0 V can be seen in the following table, Table 14.

Table 14. Hardness of samples.

As-Sprayed Hardness ± 1σ
(HV0.1)

Post-Corrosion Hardness ± 1σ
(HV0.1)

Sample A carbide 1145 ± 40.3 506 ± 4.0

Sample B carbide 800 ± 43.2 475 ± 21.7

Sample C carbide 646 * ± 378 402 * ± 213.3

Sample A matrix 235 ± 14.8 237 ± 15.7

Sample B matrix 192 ± 20.5 189 ± 5.2

Sample C matrix 164 ± 14.6 176 ± 23.2
* Explained in following section.

It can be seen that the hardness of carbides was significantly compromised by the
corrosion tests for all samples (i.e., 1145HV to 506HV for the noHT Sample A and 800HV
to 475HV for the 650HT Sample B). Interestingly, it can be noted that the hardness results
for the 950HT Sample C could not be reliably taken. Whilst some “normal” square indenta-
tions were sometimes produced, carbides would sometimes also display visible collapse
around the indentation (Figure 18) or even punching in/removing of carbides entirely after
indentation (Figure 19), suggesting a compromise in the heat-treated carbides beyond that
affecting Samples A and B. This would suggest a loose attachment of carbides to the matrix
for samples heat-treated at 950 ◦C.
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By contrast, the matrix for Samples A–C did not significantly decrease post-corrosion.
In fact, hardness values increased slightly post-corrosion for Sample A (235 to 237HV) and
Sample C (164 to176HV).

4. Discussion

When the agglomerated powder containing NiC-CrC is sprayed at high speeds onto a
substrate, there is deformation of the NiCr powder and sometimes disintegration of the
brittle carbide particles. There is also incomplete bonding, and voids are present in the
coating. Due to the incomplete bonding nature of the powder particles, the X-ray diffraction
results show the lowest dislocation density. As the samples get heat-treated, there is good
bonding between the powder particles, thus forming a more solid material. This then
increases the dislocation density of the coating. Increasing the heat treatment temperature
from 650 to 950 ◦C increases the carbide dissolution, and this has been observed before
for stainless steels [17]. The accommodation of the phase transformation and dissolution
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produces lattice strains that increase the dislocation density of the coating. The total
number of carbides decreased with increasing heat treatment temperature, as shown in
Table 5. The heat treatment also changed the chromium distribution in the coating, as
shown in Tables 7 and 8. The matrix composition of chromium increased from 7.9% in
the as-sprayed sample to 20.6% for the 950 ◦C heat-treated sample. This likely resulted in
galvanic corrosion of the interface between the carbides and the matrix. This effect was
seen in the loosening of the carbides during the potentiodynamic test. The matrix fully
corroded in the potentiodynamic test due to lower chromium content of 7.9% in the matrix
compared to 86.6% chromium in the carbides. This resulted in the dissolution of the matrix,
which pointed to the possibility that the matrix dissolves in preference to the carbides.

Further, with heat treatment, the carbides themselves started to dissolve, increasing the
carbon and chromium contents in the matrix. The dissolution introduced more interfaces
between the carbides and the matrix, resulting in poorer corrosion resistance for the sample
heat-treated at 950 ◦C. However, not only did heat treatment at 650 ◦C reduce the porosity
and consolidate the bonding between powder particles, but the interface corrosion between
the carbides and the matrix was not so severe as to dislodge the carbides. Interestingly, this
investigation could not identify the presence of oxides, which other investigators found [44].
The presence of oxides would result in further disintegration of carbides, as the chromium
should become free from the carbides to form the oxides. Based on this, the following
mechanism is presented.

The SEM images reveal significant microstructural changes in the Cr3C2-NiCr coatings
after different heat treatments, providing crucial insights into their corrosion behaviour.
An illustrated explanation for this behaviour is shown in Figure 20.
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The non-heat-treated (noHT) sample shows distinct, well-defined carbide particles
embedded in the NiCr matrix. This heterogeneous structure, typical of the as-sprayed
condition, likely contributes to the observed galvanic corrosion with preferential matrix
removal, as evidenced by the electrochemical tests. The 650 ◦C heat-treated sample exhibits
a more refined microstructure. The carbides appear slightly less defined compared to
the noHT sample, suggesting the onset of carbide dissolution and potential formation of
Cr23C6, corroborated by the XRD data showing 13.9% Cr23C6 content. This microstructural
refinement correlates well with the superior corrosion resistance observed, including the
highest corrosion potential and widest passive region.
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The 950 ◦C heat-treated sample shows significant carbide decomposition, resulting
in greater interface between carbides and the matrix. There was also greater dislocation
density due to trying to accommodate the new interfaces due to carbide dissolution. The
galvanic couple developed, due to the increase in the chromium content in the matrix,
between the carbide and the matrix. This resulted in dissolution at the interface between
the matrix and the carbide.

The observed microstructural evolution provides a mechanistic explanation for the
varying corrosion behaviours. The 650 ◦C heat treatment strikes an optimal balance between
beneficial microstructural refinement and preservation of coating integrity, resulting in
enhanced corrosion resistance. In contrast, while the 950 ◦C treatment leads to extensive
carbide decomposition and increased matrix Cr content, the excess porosity significantly
compromises its corrosion resistance. This porosity likely provides pathways for corrosive
media to penetrate the coating, offsetting any potential benefits from increased chromium
in the matrix.

5. Conclusions

This study provides valuable insights into the effects of heat treatment on the mi-
crostructure, corrosion behaviour, and mechanical properties of cold-sprayed Cr3C2-NiCr
coatings. The investigation revealed that post-deposition heat treatment significantly influ-
ences the coating’s performance, with the optimal temperature identified as 650 ◦C. The
sample heat-treated at 650 ◦C exhibited superior corrosion properties, including the highest
corrosion potential (−79.9 mV) and largest charge transfer resistance (1.37 × 106 Ω). This
improved performance can be attributed to the formation of a more stable and protective
passive film, optimal carbide dissolution, and a homogeneous microstructure. In contrast,
heat treatment at 950 ◦C, while reducing porosity, led to excessive carbide dissolution
and potential chromium depletion in the matrix. This resulted in intermediate corrosion
resistance, inferior to the 650 ◦C treatment but still better than the as-sprayed condition.
The non-heat-treated sample displayed the poorest corrosion resistance, characterised by
galvanic corrosion and preferential matrix removal. Mechanical property changes were
also observed, with carbide hardness significantly decreasing after corrosion testing, partic-
ularly in the as-sprayed and 650 ◦C heat-treated samples. The 950 ◦C heat-treated sample
showed unreliable carbide hardness measurements, indicating compromised structural
integrity. These findings highlight the critical role of controlled heat treatment in optimis-
ing the performance of cold-sprayed Cr3C2-NiCr coatings. This study demonstrates that
achieving superior corrosion resistance requires a delicate balance between microstructural
refinement, phase transformations, and preservation of coating integrity.
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