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Evaluating the corrosion and wear behaviour 
of high velocity oxygen fuel sprayed 
titanium iron oxide modified with nickel-
chromium coating on plain carbon steel
by M. Raoufi1, Y. Naami1, Z.M. Beiranvand1, M. Moghaddasi2,  
A. Naeimi³

Abstract
Titanium iron oxide and nickel-chromium coatings were applied on low-carbon steel substrates 
using the high-velocity oxygen fuel thermal spraying process. The microstructure, phase 
composition, and hardness of the coatings were analysed using scanning electron microscopy, 
x-ray diffraction, and microhardness tests. The phase analysis confirmed the formation of 
oxide compounds in the coatings. The average microhardness values for titanium iron oxide 
and titanium iron oxide-nickel-chromium coatings were measured at 580 HV and 970 HV, 
respectively, under a 100 g load. The corrosion resistance of the coatings was evaluated in a 3.5% 
sodium chloride solution using electrochemical impedance spectroscopy (EIS) and polarisation 
tests. The results indicated that the nickel-chromium composition exhibited superior corrosion 
resistance, which was attributed to its low porosity, preventing solution diffusion into the 
substrate. Wear behaviour was assessed using a pin-on-disk test with a tungsten carbide pin as 
the counterbody. The incorporation of nickel-chromium into the titanium iron oxide coating 
resulted in an 80% reduction in weight loss, indicating significant improvement in wear 
resistance. These findings suggest that nickel-chromium-modified titanium iron oxide coatings 
enhance both corrosion and wear resistance, making them promising candidates for industrial 
applications.
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Introduction
Carbon steel is among the most extensively utilised engineering alloys, particularly in the automobile, 
oil and gas, and petrochemical industries. Despite its widespread use, the surface of plain carbon steel is 
highly susceptible to degradation mechanisms such as wear, oxidation, and corrosion (Sidhu et al., 2007; 
Galedari et al., 2019; Ding et al., 2018; Torbati-Sarraf, Poursaee, 2018). The surface condition of metals 
plays a critical role across various industries, as it directly influences the performance and durability of 
components. To address these demands, the development of advanced surface engineering processes 
and technologies has become essential to enhance the quality, longevity, and operational efficiency of 
components. Surface coating techniques are widely employed to improve the surface properties and 
extend the service life of carbon steel components. Among these techniques, thermal spraying has gained 
significant attention. It encompasses a variety of processes used to apply both metallic and non-metallic 
coatings for improved surface performance (Tobergte, Curtis, 2013). High velocity oxygen fuel (HVOF) 
spraying is a prominent thermal spraying technique known for producing dense and well-adhered 
coatings. It is extensively used for coating industrial components in sectors such as oil and gas, aerospace, 
and agriculture, primarily to enhance surface resistance against corrosion and wear (Sidhu et al., 2007; 
Jones et al., 2001; Singh et al., 2019; Yilbas et al., 2003; Park et al., 2013). Thermal spraying involves 
the deposition of molten or semi-molten particles onto a substrate surface to form a coating, offering 
advantages such as process simplicity and cost-effectiveness (Wei et al., 2023; Hong et al., 2023). Among 
the various thermal spraying techniques, coatings produced by HVOF method are particularly notable 
for their high density, low porosity, elevated hardness, and strong adhesion to the substrate (Zhao, 
Lugscheider, 2003; Lekatou et al., 2008; Hong et al., 2014; Xie et al., 2013). As a result, HVOF is widely 
employed to extend the service life span of components and improve manufacturing efficiency across a 
range of materials. Furthermore, HVOF-deposited cermet coatings have been developed with excellent 
bonding characteristics and superior resistance to wear and corrosion, thereby optimising in-service 



Evaluating the corrosion and wear behaviour of high velocity oxygen fuel sprayed titanium

254 MAY 2026 	 VOLUME 126	 The Journal of the Southern African Institute of Mining and Metallurgy

performance in demanding industrial applications (Stokes, Looney, 
2004; Li et al., 1996; Karimi et al., 1995). Various coatings have been 
developed using thermal spraying techniques to enhance wear and 
corrosion resistance. Verdian et al. (2010; 2012) reported favorable 
corrosion resistance in coatings such as nickel titanium (NiTi) and 
nickel silicide composites or commonly known as niobium (Ni (Si)/
Ni₅Si) produced via thermal spraying. These coatings exhibited high 
hardness and strong bond strength, outperforming the substrate 
when immersed in a 3.5% sodium chloride (NaCl) corrosion 
solution. The incorporation of nickel in the coatings contributed 
significantly to corrosion resistance, primarily due to the reduced 
oxidation during the spraying process. Furthermore, the addition 
of hard particles such as chromium improved the coatings’ wear 
resistance by forming a more robust structure (Verdian et al., 2012; 
Ak et al., 2003; Zavareh et al., 2016; Karaoglanli et al., 2017). Nickel 
and cobalt are among the most suitable materials for coatings 
applied via the HVOF method, as they tend to produce dense 
coatings with low porosity and have demonstrated effectiveness 
as barriers against electrolyte permeation. Consequently, 
exploring coatings based on other metals—particularly nickel 
and cobalt—as alternatives to niobium for protection against 
hydrogen embrittlement and as hydrogen barriers, using HVOF 
thermal spray techniques, is both promising and of significant 
practical relevance (Brandolt et al., 2019). In a study conducted by 
Brandolt et al. (2019), micro-printing techniques were employed 
on thermally sprayed coatings to investigate the mechanisms of 
hydrogen trapping within the coating layers. Oxide coatings are 
widely employed across various industries due to their excellent 
protective properties. However, to date, titanium iron oxide powder 
has not been extensively utilised as a coating material. Oxide 
coatings are particularly attractive in surface engineering due to 
their excellent chemical stability, high-temperature resistance, and 
ability to form dense, adherent layers that act as effective barriers 
against corrosive agents. These coatings can significantly reduce 
oxidation and material degradation in harsh environments, making 
them suitable for demanding industrial applications. Additionally, 
their inherent hardness and wear resistance contribute to improved 
mechanical durability, which is essential for extending the service 
life of components exposed to friction, erosion, or corrosive 
media (Sidhu, Prakash, 2006). In this study, titanium iron oxide is 
applied in combination with nickel and chromium (NiCr) using 
HVOF thermal spraying process. During solidification from high 
temperatures, the conditions facilitate the formation of oxides 
within the coating structure. This results in the development of 
a continuous and stable oxide layer that serves as an effective 
protective barrier. The oxide layer acts as a dense shield, preventing 
the penetration of oxygen and corrosive agents to the steel 
surface, while also enhancing resistance to scratching and friction. 
Consequently, surface degradation of the substrate is significantly 
reduced. The primary objective of this research is to investigate 
the corrosion and wear behavior of titanium iron oxide-NiCr and 
titanium iron oxide coatings deposited via the HVOF process. It 
is anticipated that this composition of powder will enhance both 
corrosion and wear resistance of industrial components, owing 
to the presence of elements with high resistance to oxidation and 
mechanical wear—ultimately contributing to extended service 
lifespan of the substrate.

Materials and methods
The material used in this research work was titanium iron oxide 
together with NiCr. This powder was produced from an inorganic 

mineral that was subjected to a milling process for 8 hours in 
order to be finer. Then, about 70% of titanium iron oxide powder 
was mixed into the mill with 30% of NiCr powder for 4 hours. 
The rotation speed of the container in the milling process was 
considered about 180 rpm. The milling powders with a size of  
15 μm – 45 μm were implemented for use in the spraying process. 
The coating was applied on the substrate of low-carbon steel having 
the dimensions of 20*20*80 mm3. At first, the surface of the samples 
was cleaned and uniformed by a stonemason device-equipped 
magnetic table. Then, before applying the coating, sandblasting 
was executed by means of alumina powder with mesh 20 to create 
appropriate roughness on the surface. Finally, the samples were 
degreased by rinsing it with acetone solution. The MJ5000 model 
thermal spraying with 8-axis robotic system was utilised to create 
titanium iron oxide and titanium iron oxide-NiCr coatings. The 
coating improvement parameters are presented in Table 1.

X-ray diffraction (XRD) was used by ASENWARE device 
(model AW-XDM300) under 40 KV voltage and 30 mA current 
to investigate the exist phases in the obtained compacted powders 
and coatings. Finally, phase matching was performed by Xpert 
high Score software. Scanning electron microscopy (SEM) (model 
LE1455VP) was utilised to observe the microstructure and measure 
the thickness of the coatings. For that purpose, several cross-
sections were provided from the coated samples. These cross-
sections were grinded. Before sanding, mounts were used to avoid 
detaching the coating as well as proper sanding of the sample edges. 
The hardness test was performed by Vickers micro-hardness device 
under operating conditions of 100 g applying load and  
15 s time with 3 iterations. Scanning electron microscopy was used 
to investigate the porosity of the coatings. After comparing the 
micrographs with each other and identifying the porosities, their 
amount was determined by Image J software. The corrosion test 
of steel samples with a coating was done in a 3.5% NaCl solution. 
Before commencing the experiment, to reach the surface reaction of 
the samples with the electrolyte solution, the open circuit potential 
of each sample was monitored for 30 min. The Tafel polarisation 
test was carried out by Autolab Potentiostat device (model PG 
STAT302N), which was attached to a three-electrode cell composing 
of the sample, reference saturated calomel electrode, and platinum 
auxiliary electrode. This test was accomplished in the range of  
-0.5 V to +1 V in comparison with the open circuit having a 
corrosion rate of 2 mVs-1. Electrochemical impedance spectroscopy 
(EIS) was implemented in the frequency range of 10 kHz to  
100 mHz in the open circuit potential. In order to study the results 
of this test, Nova1.8 software was used. The pin-on-disk test was 
executed to determine the wear resistance and friction coefficient 
of the coatings. This test was evaluated using a tungsten carbide 
(WC) pin with 75 RC hardness under a 10 N applied force over 
the distance of 1000 m. After completion of the test, to completely 
discard the eroded particles adhered to the surface, the sample was 
rinsed. At that time, the eroded surface of the coating was evaluated 
to investigate the wear mechanism of the coatings using SEM.

Table 1
HVOF process parameters
Gas flow Carrier gas 

pressure (kPa)
Particle 

size (µm) 
Spray distance 

(cm)
Fuel flow 
(ml/min)

N2 600 15-45 30 380
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Results and discussion
X-ray diffusion pattern
X-ray diffusion (XRD) patterns of the titanium iron oxide powder 
and the deposited coating are presented in Figure 1. The XRD 
analysis reveals that the primary phases present in the ground 
powder include Fe₃O₄ (magnetite) and Fe₂.₆Ti₀.₅₆O4, which are 
consistent with previously reported compositions in similar oxide 
systems. As shown in Figure 1, these phases are also observed 
at similar diffraction angles in the coating produced via the 
thermal spraying process, indicating that the phase composition 
is largely retained during deposition. In addition, diffraction 
peaks corresponding to the St37 steel substrate are also detectable, 
suggesting partial penetration or exposure of the substrate during 
analysis.

Figure 2 presents the XRD patterns of the crushed mineral 
powder after the addition of NiCr, along with the corresponding 
coating produced from this composite powder. The results indicate 
that the mechanical milling of titanium iron oxide with NiCr led 
to the formation of several new phases. In addition to the phases 
identified in the previous coating, new peaks corresponding 
to FeNi3, metallic nickel (Ni), and metallic chromium (Cr) are 
observed in the diffraction pattern. These findings suggest that the 
incorporation of NiCr significantly alters the phase composition 
of the coating, likely enhancing its structural and functional 
properties.

A comparison between the XRD patterns of the powder and the 
corresponding coating after thermal spraying reveals a broadening 
of the diffraction peaks and a reduction in their intensity. According 
to previous studies (Verdian et al., 2010; Verdian et al., 2012), 
this phenomenon can be attributed to the high kinetic energy of 
the semi-molten particles during the HVOF spraying process. 

Upon impact with the underlying surface, these particles undergo 
severe plastic deformation, which leads to grain refinement and an 
increase in internal strain energy—both of which contribute to peak 
broadening and intensity reduction in the diffraction pattern.

Scanning electron microscopy images
Figure 3 shows scanning electron microscopy (SEM) images of the 
coating surfaces produced by the HVOF thermal spraying process. 
In this method, particles are deposited in molten or semi-molten 
states due to the relatively low internal heat input, which contributes 
to coatings with minimal defects (Puetz et al., 2010). The SEM 
image of the titanium iron oxide coating in Figure 3(a) reveals a 
small number of pores and craters and no visible cracks. This may 
be attributed to the difference in melting points between Fe₂O₃ and 
TiO2, which results in the formation of more spherical features on 
the coating surface. Additionally, due to the proximity between the 
melting point of Fe and the temperatures reached during HVOF 
spraying, Fe and Ti particles may remain unmelted or only partially 
melted during deposition. As shown in Figure 3(b), the number 
of pores and craters decreases with the incorporation of NiCr into 
the titanium iron oxide powder, suggesting that Ni and Cr fill the 
voids within the coating structure. All coatings exhibit a uniform, 
homogeneous surface with minimal oxidation and no surface 
cracks, indicating good coating quality across all systems.

Figure 4 presents cross-sectional SEM images of the coatings 
produced via the HVOF thermal spraying method. All micrographs 
clearly show good adhesion between the coating and the substrate, 
with no visible signs of delamination or interfacial separation 
(Sadeghimeresht et al., 2017; Brito et al., 2012). As observed 
in Figure 4a, the titanium iron oxide coating exhibits notable 
porosity, cracks, and a distinct dark oxide layer. According to 
energy dispersive spectroscopy (EDS) analysis, this oxide-rich layer 
contains a high proportion of iron (Fe: 81.83 wt%, Ti: 8.94 wt%, 
O: 9.23 wt%). Iron remains the dominant element throughout the 
titanium iron oxide coating; however, its concentration significantly 
decreases upon the addition of NiCr (Fe: 37.80 wt%, Ti: 4.09 wt%, 

Figure 1—XRD patterns of titanium iron oxide powder and HVOF titanium 
iron oxide coating

Figure 2—XRD patterns of (a) titanium iron oxide -NiCr powder and  
(b) HVOF titanium iron oxide -NiCr coating

Figure 3—Surface SEM images of coatings (a) titanium iron oxide, (b) 
titanium iron oxide -NiCr

Figure 4—Cross-sectional SEM images of coatings: (a) Fe3TiO4, (b) Fe3TiO4-
NiCr
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O: 6.19 wt%, Cr: 43.88 wt%, Ni: 2.39 wt%). The average thickness 
and porosity of the titanium iron oxide and titanium iron oxide-
NiCr coatings were measured as 41 μm with 1.3% porosity, and 
34 μm with 0.4% porosity, respectively. These results indicate 
effective integration of Ni and Cr particles with the titanium iron 
oxide matrix. During the spraying process, NiCr particles appeared 
to have completely melted and, upon impact with the substrate, 
infiltrated the underlying layers, effectively filling voids and 
reducing overall porosity. Consequently, the titanium iron oxide-
NiCr coating exhibits a denser microstructure and thinner layer 
compared to the titanium iron oxide-only coating. The low porosity 
and high density observed in both coatings are attributed to the 
high-velocity impact of particles during HVOF spraying, which 
enhances packing efficiency and reduces the presence of voids and 
defects.

In conclusion, the thermal spraying process using the HVOF 
technique successfully produced coatings with high density 
and excellent adhesion to the substrate—key advantages of this 
method (Suarez et al., 2008; Murthy, Venkataraman, 2006). The 
incorporation of NiCr significantly reduced the size and volume of 
porosities within the coating, indicating a denser microstructure 
in the titanium iron oxide-NiCr coating compared to titanium 
iron oxide alone. Since porosity plays a critical role in determining 
the corrosion performance of coatings, this reduction is especially 
beneficial. The presence of fewer and smaller pores in the structure 
enhances the barrier properties of the coating, thereby improving its 
corrosion resistance (Zhao et al., 2005).

Hardness measurements
Figure 5 presents the measured average microhardness values of 
the titanium iron oxide and titanium iron oxide-NiCr coatings. 
A significant difference in hardness between the two coatings 

is evident. This variation can be attributed to several factors, 
including porosity levels, the proportion of unmelted and 
semi-melted particles, the presence of fully melted and rapidly 
solidified particles, oxide phases, and differences in grain size and 
morphology—all of which are known to influence the hardness of 
thermally sprayed coatings (Mahesh et al., 2008; Kamal et al., 2010). 
The reduced porosity observed in the titanium iron oxide-NiCr 
coating, due to the incorporation of hard NiCr particles, contributes 
to the increase in hardness. Moreover, the XRD analysis confirms 
the presence of hard phases such as TiO₂, Fe₂O₃, Cr, and Ni in the 
NiCr-containing coating, further enhancing its hardness. Notably, 
the addition of 30 wt% NiCr to the titanium iron oxide powder 
resulted in a substantial improvement in hardness, suggesting that 
this composition may represent an optimal reinforcement level for 
maximising hardness performance.

Polarisation results
Figure 6 illustrates the Tafel polarisation curves of the coatings 
produced via the HVOF thermal spraying process, along with the 
uncoated steel substrate, in a 3.5% NaCl solution under ambient 
conditions. 

The extracted electrochemical parameters of these curves, 
such as corrosion potential (Ecorr), corrosion flow density (icorr) 
(corrosion rate) cathodic and anodic Tafel slips, which were 
obtained using the Tafel extrapolation method, are presented in 
Table 2. Based on Table 2, the coating containing NiCr exhibits a 
more noble corrosion potential compared to both the substrate and 
the NiCr-free coating, indicating improved corrosion resistance. 

The corrosion, current density significantly decreases with the 
addition of NiCr particles, and the corrosion potential shifts toward 
more positive values. As observed in the Tafel curve, the coated 
samples exhibit a passive-like behaviour. The corrosion rate of the 
uncoated sample is 112 μAcm-2, while the sample with the titanium 
iron oxide coating shows a corrosion rate of 315 μAcm-2, which 
leads to the breakdown of the passive-like layer at higher anodic 

Figure 5—The average microhardness values of the HVOF coatings

Figure 6—Polarisation curves of St37 steel substrate, HVOF titanium iron oxide (Fe3TiO4) and titanium iron oxide-NiCr coatings in 3.5% NaCl solution

Table 2
Corrosion parameters estimated from the polarization cures

Ecorr 
(mV)

icorr 
(µAcm-2)

βa (mV-
dec-1)

βc (mV-
dec-1)

St37 -633 112 108 82

Titanium iron oxide -509 315 179 161
Titanium iron oxide-
NiCr -488 42 86 43
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potentials around -0.1 V. Notably, the corrosion rate is reduced to  
42 μAcm-2 with the addition of NiCr. This reduction can be 
attributed to the passive-like behaviour of the NiCr coating at high 
anodic potentials, which prevents electrolyte diffusion into the 
underlying layers, resulting in a decrease in the corrosion current 
density and enhanced stability at higher potentials. In other words, 
the passive-like layer in the NiCr coating is not porous. Therefore, 
it causes disruption of the electron transfer on the surface and 
obstructs it from participating in electrochemical reactions. 
This behaviour has a high resistance in comparison with other 
researchers (Verdian et al., 2010; Myalska et al., 2017; Pileggi et al., 
2015; Hassannejad et al., 2017). The Nyquist plot for the coated 
samples and the steel substrate is shown in Figure 7. 

In this circuit, a capacitive ring is observed, which is associated 
with the coating resistance on the electrode surface. The impedance 
data extracted from the equivalent circuit include charge transfer 
resistance (Rct), a constant phase element (Q) representing the 
capacitor behaviour, and the Ohmic resistance of the electrolyte, 
which remains low across all samples (11.2 Ω·cm² – 13.5 Ω·cm²). 
As shown in Figure 7, the titanium iron oxide coating exhibits 
the smallest diameter of the semicircle, indicating a relatively 
low charge transfer resistance (167 Ω·cm²), compared to the steel 
substrate (270 Ω·cm²). The charge transfer resistance is directly 
related to electron transfer across the coating surface and inversely 
proportional to the corrosion rate. The charge transfer resistance 
increases with the addition of NiCr to the titanium iron oxide 
coating (312 Ω·cm²), which corresponds to the largest diameter 
of the semicircle. The enhancement in charge transfer resistance 
in the titanium iron oxide-NiCr coating is attributed to the high 
resistance of the dual-layer structure against the penetration of 
corrosive agents into the underlying layers, which is facilitated 

by the uniform distribution of nickel and chromium particles on 
the coating surface and between the layers. The high correlation 
between the experimental data and the proposed equivalent circuit 
further demonstrates the accuracy of the model used to describe the 
corrosion behaviour of the samples in a corrosive environment. This 
behaviour is similar to that observed in other dense coatings, such 
as stainless-steel coatings, TiNi coatings with TiO₂ particles, and 
WC-CoCr coatings, which exhibit passive behaviour (Magnani et 
al., 2007; Cheng et al., 2004; Guilemany et al., 2006).

Wear results
Figure 8 presents the weight loss data of the titanium iron oxide 
and titanium iron oxide-NiCr coating samples after undergoing a 
continuous 1000-metre sliding distance. The results show that the 
weight loss for the titanium iron oxide sample is 0.0036 g, while 
the weight loss significantly decreases to 0.0005 g upon adding 
NiCr particles, forming the titanium iron oxide-NiCr coating. This 
reduction in weight loss for the titanium iron oxide-NiCr coating is 
attributed to its higher hardness, which results in a lower wear rate 
compared to the titanium iron oxide coating. This trend aligns with 
Archard's wear law (Zmitrowicz, 2006), which is expressed as:

	 [1]

Where Q denotes the wear volume in the slipway unit, W is 
the applying load, H is the hardness and K defines as the wear 
coefficient. Hence, weight loss of the coating during the wear 
test has a reverse relation with its hardness. The results of several 
researchers show the correctness of this issue (Fang et al., 2009; 
Lih et al., 2000). Many research studies have been conducted on 
the effect of NiCr on the wear resistance. Their results indicate 
that the wear rate is lessened by adding NiCr particles and led 
to the improvement of the wear resistance (Zavareh et al., 2016; 
Karaoglanli et al., 2017).

Figure 9 presents the variation of the friction coefficient for the 
HVOF-coated samples. The curves exhibit significant fluctuations, 
which are attributed to the repeated adhesion and detachment of 
wear particles. These fluctuations lead to periodic increases and 
decrease in the force exerted between the abrasive and the coating 
surface. At the beginning of the test, the friction coefficient for the 
titanium iron oxide-NiCr coating is notably lower than that of the 
titanium iron oxide coating. The high slope observed at the start 
of the friction coefficient curve for the titanium iron oxide coating 
can be explained by the rapid accumulation of wear particles. 
These particles accumulate between the two contacting surfaces, 
which increases the wear rate. As the test progresses, the removal of 
some particles results in a reduction in the friction coefficient. The 
stability of the friction curve for titanium iron oxide occurs when 
the number of particles generated and trapped between the surfaces 
is balanced by the number of particles removed from the surfaces.

The coating containing NiCr exhibits lower roughness 
compared to the titanium iron oxide coating. According to the 
findings of Magnani et al. (2004), coatings with lower roughness 
are expected to stabilise more quickly or over shorter distances. 
However, in this study, the titanium iron oxide-NiCr coating 
behaves contrary to these expectations. This discrepancy can be 
attributed to the increased temperature at the contact point of 
the abrasive particles, caused by the frictional heat. This elevated 
temperature leads to the oxidation of the particles (Magnani et 
al., 2008; Srinivasan et al., 2012). The images in Figure 10 (a) and 
(c) show SEM micrographs of the worn paths of the titanium iron 
oxide and titanium iron oxide-NiCr coatings at 200 x magnification. 

Figure 7—Experimental Nyquist diagram for steel substrate and HVOF 
coatings in 3.5% NaCl solution

Figure 8—Wear rate of coatings
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The wear on the NiCr-containing coating is negligible compared 
to the titanium iron oxide coating, owing to the lower roughness 
and the presence of hard phases. No signs of lamination (ductility) 
or particle breakage were observed in either coating. Only 
micro-scratches, indicative of abrasion, were visible, aligned 
in the direction of the wear. These grooves suggest a shredding 
mechanism. In higher magnification images (Figure 10b and 10d), 
white areas are visible, which likely indicate particle detachment, 
pointing to an adhesion mechanism in operation. SEM images 
of both coatings show no microcracks, delamination, or any 
destructive effects. Furthermore, due to the higher hardness and 
lower friction coefficient of the titanium iron oxide-NiCr coating, 
the wear tracks appear smoother and less pronounced, as seen in 
the microscopic images of this coating (Karaoglanli et al., 2017).

Conclusion
The HVOF technique has been used to deposit titanium iron 
oxide and titanium iron oxide-NiCr coatings on St37 carbon steel 

substrate and the micro-structure; corrosion resistance and wear 
resistance were characterised. The following observations were 
made based on the present study.
➤	� The porosity amount of the coating was decreased from 1.4% 

in the sample without NiCr to 0.4 % in the sample with NiCr, 
which indicates a coating with high density and hardness and 
strong bond strength.

➤	� The coating hardness was increased from 570 HV to 970 HV 
by adding NiCr.

➤	� The incorporation of NiCr into the titanium iron oxide 
coating led to a significant improvement in corrosion 
resistance, as indicated by the decrease in corrosion current 
density (icorr) from 315 μAcm-2 for the titanium iron oxide 
coating to 42 μAcm-2 for the titanium iron oxide-NiCr 
coating, and a positive shift in corrosion potential (Ecorr) from 
-509 mV to -488 mV. These results demonstrate the formation 
of a more stable and protective passive-like layer, effectively 
enhancing the corrosion resistance of the coating.

Figure 10—SEM images of wear tracks on (a, b) titanium iron oxide and (c, d) titanium iron oxide-NiCr coatings

Figure 9—Evolution of the friction for HVOF (a) Fe3TiO4, and (b) Fe3TiO4-NiCr coatings



Evaluating the corrosion and wear behaviour of high velocity oxygen fuel sprayed titanium

259The Journal of the Southern African Institute of Mining and Metallurgy	 VOLUME 126	 MAY 2026

➤	� The weight loss of the titanium iron oxide-NiCr coating was 
low due to the presence of the NiCr particles. Besides, the 
wear behaviour was improved owing to the formation of the 
hard phases.
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