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Several manufacturing industries recognise the value of titanium and its alloys in terms 
of useful application as petroleum tubes due to the high specific strength, low modulus 
of elasticity and seawater erosion resistance they offer. However, in a range of 
aggressive environments with high H2S and Cl− ions, pitting corrosion, can occur. For 
the purpose of useful surface engineering applications, this study adopted the Radio 
Frequency (RF) magnetron sputtering approach to a deposit Inconel 625 as the target 
on titanium grade 5 substrate for an enhanced service operation. The parameters were 
varied within 100W to 200W power rating, 1000C to 2000C temperature and 60 to 90 
minutes of deposition time. The samples were divided into four categories for 
tribological test to determine the wear behaviour, immersed in a corrosive medium to 
evaluate the response and the use of a scanning electron microscope (SEM) to analyse 
morphologically. The results presented that the titanium sample coated at 150W and 
100W exhibited enhanced wear and microstructural characteristics compared to the 
control, but had a reduced corrosion resistance over increased potential.  The optimal 
TI6Al4V sputtered Inconel possessed the corrosion current density (jcorr) of 3.2404E-
06 A/cm2 and corrosion rate of 0.03765 mm/year. 
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1. Introduction 
 

Titanium and its alloys are used for general engineering applications because of its corrosion 
resistance and high strength [1,2]. The titanium grades that are of most interests in several 
engineering applications are the commercially pure titanium grades [3,4].  Titanium started gaining 
proper recognition in the aerospace industry in the early 1940’s owing to its lightweight advantage 
which is a very significant consideration in the aerospace industry [5]. The major rationale for growth 
in the rate of utilization of titanium is its very strength to weight ratio with a density that falls in 
between iron and aluminium [6,7] Titanium and its alloys are widely utilized in several industrial 
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applications which include fasteners, vessel, hubs, discs, rings, blades, and other high-performance 
applications various part of race engines like connecting rods and gear boxes. The suitability of 
titanium in the medical field is well pronounced in the area of metal implants where there is direct 
contact with bones and flesh tissues [8]. The high corrosion resistance characteristic of titanium 
makes it highly biocompatible such as cobalt chrome [9,10].  

Inconel is a nickel-based superalloy, and superalloys are multiservice materials with good 
mechanical strength (Table 2) and very stable for surface applications with a preference for high 
temperatures and cryogenic temperature [11]. Its temperature adaptability qualities make it super 
applicable as a multipurpose material in areas of varying temperature applications. Although there 
are three major classifications of superalloys, which are cobalt-based, nickel-based, and iron-based 
superalloys [12,13], however, nickel-based superalloys have wide coverage of application amongst 
three classes. One of the prominent nickel-based superalloys is Inconel 625 with very reliable, 
sustainable applications in the field of engineering like aerospace, seawater ambiance, 
petrochemistry, and chemical plants [14] It has very impressive mechanical properties like high 
tensile strength, good thermal properties, high corrosion resistance, and many more [15]. The 
excellent corrosion resistant trait in Inconel is that it is well attributed to the abundant amount of 
molybdenum and chromium content (Table 1) in the chemical composition [16].  At present, Inconel 
625 coatings are widely used to enhance corrosion resistance, hardness and wear performance of 
metallic surfaces [17,18], and it worthy of note that Inconel 625 is one of the important superalloys 
produced by forging, powder metallurgy and additive manufacturing [19]. 

 
Table 1 
Chemical Composition of Inconel 625 (wt%) [30] 

Material Nimax Nbmax Femax Momax Mnmax Crmax 
Inconel 625 58.0 3.2-4.1 5.0 8.0-10-0 0.5 20.0-23.0 

 
Looking at a few experimental excerpts from the bank of literature, Verdi et al., [18] evaluated 

the hardness of Inconel 625 and Inconel 625-Cr3C2 coated on steel substrate using Vickers 
microhardness tests, following ISO 6507-1 standard and using a load of 300 gf and a dwell time of 12 
s. Three indentation outlines were performed to get the mean value of the hardness for each distance 
from the coating surface. While the adhesion or bonding strength of coatings is also easily measured 
using the nano-scratch tests [20], it is complex to examine the creep, wear, fatigue, and fracture 
toughness in thin coatings due to their nature. Besides the nano-scratch tests, Singh et al., [21] 
performed an adhesion-strength test on Inconel 718 coatings using a conventional tensile rig [22]. By 
applying a tensile load to the linked cylindrical stems at a constant rate, until fracture takes place, 
the force needed for separation was noted.  Bond-strength was obtained by dividing the utmost load 
by the area of the cross-sectional of the sample. The coated sample was inspected after failure, and 
the mode of failure was checked to find out if the coating failed within, detached from the substrate 
(adhesive failure), or remain glued to the substrate. Despite a few exploits discovered from previous 
studies, this research work has further espoused the possible improvement to enhance the 
performance of titanium for useful applications. Most manufacturing industries such as oil and gas 
still derive great interest in the use of titanium and its alloys especially in gas pipes and petroleum 
tubes application due to their low modulus of elasticity, high specific strength and resistance to 
erosion in seawater [23,24]. However, in most aggressive environments containing Cl− ions and H2S, 
pitting corrosion (an enormously localized form of corrosion) takes place on the materials surface, 
leading to damage of the passivation layer [25,26]. Hence, providing  initiation points for corrosion 
fatigue and  stress corrosion crack propagation, which minimize the useful life span of the material 
[27-29]. Therefore, it was envisaged that the application of Inconel 625 film on Ti6Al4V alloy would 

https://www.sciencedirect.com/topics/materials-science/pitting-corrosion
https://www.sciencedirect.com/topics/materials-science/stress-corrosion-cracking
https://www.sciencedirect.com/topics/materials-science/crack-propagation
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enhance the microstructure, corrosion resistance behaviour and the wear characteristics of Ti6Al4V 
alloy.   More so, sparse literature exists on the study of the effect of Inconel films addition to titanium 
and its alloy.      
 

Table 2 
Mechanical Properties of Inconel 625 (wt%) [31,32] 
Material Yield Strength [MPa] Tensile Strength [MPa] Elongation [%] 
Inconel 625 414-621 827-1034 55-80 

 
2. Experimental Procedure 
2.1 Materials  

 
Titanium was the parent material for this experiment because of its considerable application for 

the intended area of application which is the aerospace industry. However, for the sake of specifics, 
the titanium alloy that was used is titanium grade 5 alloy (Ti6Al4V) which contains six percentage 
(6%) of Aluminium and four percentage (4%) of Vanadium. The Titanium served as the parent 
material also referred to as the substrate which was the surface for the deposition of the thin film 
target. The high-grade superalloy that was used as the target for this study is Inconel 625. It was 
deposited on the titanium surface through the magnetron sputtering process to create a thin film on 
the substrate of the experiment.  

 
2.2 Experimental Procedure 

 
RF Magnetron sputtering machine, with the brand name GVAC and model number MSGC-2540 

was used to prepare absolute Inconel coatings as targets on the titanium substrate at varying 
temperature, power and time. The substrates were polished cut into size at the laboratory to gain a 
fine and smooth surface without any impediments. Acetone was used for the initial cleaning of the 
titanium grade 5 alloy substrate. Further cleansing was done using isopropanol and deionized water. 
Before the commencement of the sputtering, a non-rotating work holder was used to help the 
material absorption process of the substrate which was kept at a distance of 10 cm away from the 
target. The sputtering was carefully done for four different samples at varying parameters to 
understudy the impact of time, power and temperature at different levels of 60 to 90mins, 100 to 
200W and 100oC to 200oC respectively. Upon the completion of the sputtering process, the coated 
samples which is a combination of a substrate and a target in thin film medium were cut into 
dimensional sizes of 10 x 10 mm for SEM, wear and corrosion analysis. 

 
2.2.1 Corrosion test 

 
Potentiodynamic polarization was also carried out using a Metrohm Autolab 

Potentiostat/Galvanostat (Model PGSTAT128N). The studies were carried out using a three-electrode 
configuration cell setup, consisting of a platinum rod counter electrode, an AgCl/Ag reference 
electrode, and a working electrode with an exposed surface of 1 cm2. The scan rate for every test 
was set to one mV/s following the ASTM International (American Society for Testing and Materials) 
specifications. The potential reading of the open circuit was done after an hour before the 
experimental polarization. The solution for the experiment was a concentration of 3.5%NaCl. The 
chosen medium was to examine the experimental behaviour of the coated titanium samples in an 
extremely corrosive environmental to see the stability limit. 
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2.2.2 Microstructural analysis 
 
The surface morphological behaviour of the titanium thin film samples was studied through the 

use of a scanning electron microscope (SEM). The surface topography of the pure TiO2 nanoparticle 
powder was characterized using Scanning Electron Microscopy (Model JSM-7600F JEOL, 
manufactured by JEOL Group Companies Japan) at an accelerating voltage of 20 kV and a working 
distance of 10 m. The SEM images show that the coated titanium nanoparticles are agglomerated. 
However, it is not clear if the sample coated each nanoparticle or an agglomeration of nanoparticles, 
as in super-paramagnetic titanium oxide nanoparticles. Agglomerated titanium nanoparticles are 
often observed in the metal obtained by co-precipitation. However, the dextran layer should increase 
nanoparticle size, narrow particle size distribution and improve dispersion. 

 
2.2.3 Tribological behaviour of titanium thin film 

 
The wear analysis that defines the tribological behaviour of the titanium substrate uncoated 

sample and four other thin filmed samples with different parametric factors of deposition was 
studied through the aid of a TRB3 tribometer (manufactured in Austria) of version 8.1.8 with serial 
number 1000092309 using a ball geometry of 6mm. Each sample of TiO2 was analysed at an 
atmosphere parameter of 1014, a target temperature of 24oC, a relative humidity of 48.25%, 48.02%, 
47.78% 47.18%, 46.45% and a varying laboratory ambient temperature of 20.71 oC, 21.07 oC, 21.48 

oC, 21.75oC 22.28 oC for the sample (a-d) and substrate (control sample) respectively.  
       

3. Results and Discussion 
3.1 Wear Analysis 

 
Abrasive wear has a very important significance in surface engineering applications because of 

the surface response of the materials during operations which determines the possible failure rate 
and the service life of the materials. The outcome of the wear response investigation is illustrated in 
Figure 3 and Figure 4 with distinct behavioural patterns. The wear characteristics presented in Figure 
1 can be attributed to the rate and temperature of Inconel deposition on sample-A produced at 100W 
power rating which resulted into lower values of Coefficient of Friction (COF) through the 
displacement range of the experiment.  This suggest that the control sample could have been less 
lubricous which could have been a product of the experimental conditions and not the inherent 
properties of the materials [33-35]. Using the response of the control sample as the reference point, 
sample-B, as indicated in Figure 2 exhibited higher coefficient of friction (COF) between 0.0  and  1.0 
m  slide  of  the  test  material  on  sample-B.  However, between 1.0 and 1.3 m slide, comparable 
COF was observed, indicating comparable resistance of the materials to indentation and wear 
[36,37]. The sample-C with 200 oC and 200W power rating deposition parameter initially exhibited 
similar COF compared to that of the control sample. However, there was a reduction in the COF of 
the sample-C between the sliding distance of 0.4 and 1.3m.  Similarly, sample-D exhibited lower COF 
compared to  the control sample between 0.0 and 1.3 m sliding distance by the test sample.  The 
behaviour of Sample-C and Sample-D indicated that their surfaces exhibited higher lubricity and 
higher wear resistance compared to the other test samples [38,39]. The low COF sample-C and 
sample-D also revealed   that the force required for sliding  of  the  test  piece to  occur on  the  
samples  is  less   than   the force required  for  sliding  to   occur  on  Sample-A, Sample-B and Control 
sample, due  to high  COF exhibited  by   those  aforementioned  samples [40,41]. The increased value 
of the coefficient of friction (COF) of Sample-A and Sample-B could also be attributed to the surface 
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roughness of the samples, sputtering time, power and temperature [42-44]. Considering the trend of 
the behavioural patterns of the material during the analysis, the response change is not linear. Hence, 
factor responsible of optimized performance is the parametric combinations during the RF 
magnetron sputtering process. Coefficient of friction is inversely or directly proportional to the wear 
response value of a sample in the event that the COF parameters such as operational velocity and 
contact of surfaces have aligning impact on the wear parameters such as temperature, hardness, 
wear debris, surface roughness etc. [45]. Any material with excellent wear response must have a low 
COF and lower wear. This was corroborated by authors’ ref. [46].  According to Hua et al., [47] “the 
most excellent wear resistance is synonymous to the lowest coefficient of friction (COF). Therefore, 
the low COF of sample-D signified that it exhibited the optimum resistance behaviour to abrasive 
wear.  

 

 
Fig. 1. Wear response profile sample-A titanium coated thin film 

 

 
Fig. 2. Wear response profile sample-B titanium coated thin film 
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Fig. 3. Wear response profile sample-C titanium coated thin film 

 

 
Fig. 4. Wear response profile sample-D titanium coated thin film 

 
3.2 Corrosion Analysis 

 
The polarization data for Ti substrate and Inconel coated Ti (titanium) samples is shown in Table 

3. Relative to the other samples, the Ti substrate, which was used as the control samples, exhibited 
the lowest corrosion rate (Cr) and corrosion current density (jcorr) of 0.03083 mm/year and 2.6532E-
06 A/cm², respectively. These values of Cr and jcorr exhibited by the control sample (Ti substrate) 
showed that it offered better resistance to the penetration of the hydrogen and chloride ions from 
the test solution (HCl) into its active sites as reported by authors’ refs. [48,49]. The high polarization 
resistance (Pr) value of the Ti substrate compared to the Inconel coated Ti (titanium) samples further 
revealed that it exhibited the best corrosion resistance [50,51]. The Pr values thus indicated that the 
Ti substrate with the highest Pr value of 149010 Ω provided more passivation in the test medium 
which culminated in the higher corrosion resistance it exhibited compared to the Inconel coated Ti 
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(titanium) samples [52]. Among the Inconel coated Ti (titanium) samples, the ICT sample 4 sample 
exhibited the best corrosion resistance performance due to the lowest Cr, lowest jcorr and highest 
Pr it possessed. By further comparison of the corrosion potential (Ecorr) values of the Ti substrate 
and Inconel coated Ti (titanium) samples, it was observed that the Inconel coating had more effect 
on the cathodic reaction, leading to the shift in the potentials to the more negative region during the 
polarization experiment [53-55].   
 

Table 3 
Polarization data for Ti substrate and Inconel coated Ti 
Samples 
Sample  Ecorr 

(V) 
jcorr 
(A/cm²) 

Cr 
(mm/year) 

Pr 
(Ω) 

Ti substrate -0.44829 2.6532E-06 0.03083 149010 
ICT sample A -0.93872 7.4718E-06 0.08682 7420.3 
ICT sample B -0.97056 9.7326E-06 0.11309 5729.7 
ICT sample C -0.79807 1.4199E-05 0.16499 4770 
ICT sample D -0.80464 3.2404E-06 0.03765 22126 

 
Figure 5 further indicated the linear polarization of the Ti substrate and Inconel coated Ti samples 

exposed to HCl solution. The slope at the over-potential or Ecorr = 0 gives the linear polarization 
resistance value. The linear polarization resistance is equal to the ratio of the change in corrosion 
potential to the corrosion current density. In Figure 5 the slope or linear polarization resistance 
(ΔE/Δj) for the Ti substrate (control) sample was observed to be the lowest. Since the linear 
polarization resistance is inversely proportional to the corrosion current density [56], it can therefore 
be inferred that the reactivity of the Ti substrate was lesser in the corrosive environment, compared 
to the Inconel coated samples [57], leading to reduced corrosion rate. The result further confirms the 
assertion of [58], that Inconel 625 has a very good corrosion resistance ability but begins to fail in 
extremely ash environmental conditions. 
 

 
Fig. 5. Linear Polarization plots of Ti substrate and Inconel coated Ti Samples Exposed to HCl 
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3.3 Microstructural Analysis 
 
Figure 6 shows the morphology of the coated Titanium surface with Inconel 625 target after the 

corrosion testing. A few brittle cracked layers filled with corrosion products were observed on the all 
the sample surfaces, indicating the pitting effect of the corrosive medium [59,60]. However, the very 
obvious cracks formation on Sample-D is attributed to the internal stresses caused by the released 
gases during the cathodic reactions, or it can be formed as a result of the salt layer [61,62]. Also, as 
seen in the figures, the coated titanium surfaces are filled with many pits of different sizes. The 
interpretation from the corrosion morphological image in Figure 6 corroborates the experimental 
outcomes of stability peak of the coated samples before the decline commenced as shown in Figure 
5. Also, the coating on Sample-A was observed to be the most stable after conducting the corrosion 
test, exhibiting few shallow cracks cause caused by the ingression of hydrogen   and chloride ions as 
affirmed by Tian et al., [63]. Compared to the other samples, Sample-D exhibited   more cleavage, 
indicating the penetration effect of the chloride ions [64]. The SEM image of Sample-D also showed 
that the coating on the samples’ exhibited low passivation [65,66]. However, the EDS images of the 
samples indicated that the samples still retained their beneficial elements in spite of the corrosive 
effect of the medium. 
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Fig. 6. Imaging of the corroded samples after HCL medium interaction 

 
4. Conclusions 

 
The RF magnetron sputtering procedure was done and completed following the experimental 

parameter distribution for the surface coating of the various samples. It was observed that the 
Inconel coating influenced the surface wear, corrosion, and microstructural properties of the 
titanium. The following conclusions can be drawn:  

 
i. The low COF exhibited by the Inconel coated titanium indicated that the force required 

for sliding of the test piece to occur on the samples is less   than   the force required for 
sliding to occur on the control sample, due to high COF exhibited by the control sample. 
The behaviour of the Inconel coated titanium also revealed that it is more lubricous than 
the control sample. 

ii. The optimal TI6Al4V sputtered Inconel possessed the corrosion current density (jcorr) of 
3.2404E-06 A/cm2 and corrosion rate of 0.03765 mm/year. The behaviour of Inconel 625 
is an indication that it is capable of been used for titanium properties improvement for 
advanced applications.  

iii. Also, the SEM images showed that the coating on the Samples A-C were more stable after 
conducting the corrosion test, exhibiting few shallow cracks caused by the ingression of 
hydrogen and chloride ions. The SEM images also showed that the coating on the samples’ 
exhibited low passivation. The EDS images of the samples indicated that the samples still 
retained their beneficial elements in spite of the corrosive effect of the medium. 

iv. The significance of the above finding is to add to the scholarly guide in the bank of 
literature for scholars intending to further extensive studies in this area and for industrial 
partners of engineering materials for prudent decision making. 

 
 
 



Journal of Advanced Research in Applied Sciences and Engineering Technology 
Volume 50, Issue 2 (2025) 195-207 

204 
 

Acknowledgement 
The authors appreciate the University of Johannesburg for financial support through the University 
Research Committee (URC). 
 
References 
[1] Yang, Jiayu, Yingwei Song, Kaihui Dong, and En-Hou Han. "Research progress on the corrosion behavior of titanium 

alloys." Corrosion Reviews 41, no. 1 (2023): 5-20. https://doi.org/10.1515/corrrev-2022-0031 
[2] Reddy, Malis Krishna Prasad, Ramawath Prashanth Naik, Madhukar Samatham, and Chelluboina Harish Kumar. 

"Review on different welding techniques of Titanium and its alloys." International Journal of Scientific Research in 
Science. Engineering and Technology (www. ijsrset. com) 7, no. 1 (2020): 2395-1990. 

[3] Inagaki, Ikuhiro, Tsutomu Takechi, Yoshihisa Shirai, and Nozomu Ariyasu. "Application and features of titanium for 
the aerospace industry." Nippon steel & sumitomo metal technical report 106, no. 106 (2014): 22-27. 

[4] Bodunrin, Michael O., Lesley H. Chown, and Joseph A. Omotoyinbo. "Development of low-cost titanium alloys: A 
chronicle of challenges and opportunities." Materials Today: Proceedings 38 (2021): 564-569. 
https://doi.org/10.1016/j.matpr.2020.02.978 

[5] Antunes, Renato Altobelli, Camilo Augusto Fernandes Salvador, and Mara Cristina Lopes de Oliveira. "Materials 
selection of optimized titanium alloys for aircraft applications." Materials Research 21 (2018): e20170979. 
https://doi.org/10.1590/1980-5373-mr-2017-0979 

[6] Moghimian, Pouya, Thomas Poirié, Mahdi Habibnejad-Korayem, Javier Arreguin Zavala, Jens Kroeger, Frédéric 
Marion, and Frédéric Larouche. "Metal powders in additive manufacturing: A review on reusability and recyclability 
of common titanium, nickel and aluminum alloys." Additive Manufacturing 43 (2021): 102017. 
https://doi.org/10.1016/j.addma.2021.102017 

[7] Gomez-Gallegos, Ares, Paranjayee Mandal, Diego Gonzalez, Nicola Zuelli, and Paul Blackwell. "Studies on titanium 
alloys for aerospace application." In Defect and Diffusion Forum, vol. 385, pp. 419-423. Trans Tech Publications Ltd, 
2018. https://doi.org/10.4028/www.scientific.net/DDF.385.419 

[8] Elias, C. N., J. H. C. Lima, R. Valiev, and M. A. Meyers. "Biomedical applications of titanium and its alloys." Jom 60 
(2008): 46-49. https://doi.org/10.1007/s11837-008-0031-1 

[9] Sidambe, Alfred T. "Biocompatibility of advanced manufactured titanium implants—A review." Materials 7, no. 12 
(2014): 8168-8188. https://doi.org/10.3390/ma7128168 

[10] Soundararajan, Sudhagara Rajan, Jithin Vishnu, Geetha Manivasagam, and Nageswara Rao Muktinutalapati. 
"Processing of beta titanium alloys for aerospace and biomedical applications." In Titanium Alloys-Novel Aspects of 
Their Manufacturing and Processing. IntechOpen, 2018. https://doi.org/10.5772/intechopen.81899 

[11] De Oliveira, Mauro M., Antônio A. Couto, Gisele FC Almeida, Danieli AP Reis, Nelson B. De Lima, and Renato Baldan. 
"Mechanical behavior of inconel 625 at elevated temperatures." Metals 9, no. 3 (2019): 301. 
https://doi.org/10.3390/met9030301 

[12] Thellaputta, Gopala Rao, Pulcharu Subhash Chandra, and C. S. P. Rao. "Machinability of nickel based superalloys: a 
review." Materials Today: Proceedings 4, no. 2 (2017): 3712-3721. https://doi.org/10.1016/j.matpr.2017.02.266 

[13] Gupta, R. K., V. Anil Kumar, U. V. Gururaja, B. R. N. V. Shivaram, Y. Maruti Prasad, P. Ramkumar, K. V. A. Chakravarthi, 
and P. Sarkar. "Processing and characterization of Inconel 625 Nickel base Superalloy." In Materials Science Forum, 
vol. 830, pp. 38-40. Trans Tech Publications Ltd, 2015. https://doi.org/10.4028/www.scientific.net/MSF.830-831.38 

[14] Dul, Irena. "Application and processing of nickel alloys in the aviation industry." Welding international 27, no. 1 
(2013): 48-56. https://doi.org/10.1080/09507116.2011.600026 

[15] Ozgun, Ozgur. "WC-Reinforced Inconel 625 Superalloy Matrix Composites." Iranian Journal of Science and 
Technology, Transactions of Mechanical Engineering 44, no. 3 (2020): 825-839. https://doi.org/10.1007/s40997-
020-00357-6 

[16] Hu, H. X., Y. G. Zheng, and C. P. Qin. "Comparison of Inconel 625 and Inconel 600 in resistance to cavitation erosion 
and jet impingement erosion." Nuclear Engineering and Design 240, no. 10 (2010): 2721-2730. 
https://doi.org/10.1016/j.nucengdes.2010.07.021 

[17] Feng, Jinghua, Guangcui Yuan, Li Mao, Juscelino B. Leão, Ryan Bedell, Kemal Ramic, Emily de Stefanis, Youyang 
Zhao, Judith Vidal, and Li Liu. "Probing layered structure of Inconel 625 coatings prepared by magnetron 
sputtering." Surface and Coatings Technology 405 (2021): 126545. https://doi.org/10.1016/j.surfcoat.2020.126545 

[18] Verdi, D., C. J. Múnez, M. A. Garrido, and P. Poza. "Process parameter selection for Inconel 625-Cr 3 C 2 laser 
cladded coatings." The International Journal of Advanced Manufacturing Technology 92 (2017): 3033-3042. 
https://doi.org/10.1007/s00170-017-0372-4 

https://doi.org/10.1515/corrrev-2022-0031
https://doi.org/10.1016/j.matpr.2020.02.978
https://doi.org/10.1590/1980-5373-mr-2017-0979
https://doi.org/10.1016/j.addma.2021.102017
https://doi.org/10.4028/www.scientific.net/DDF.385.419
https://doi.org/10.1007/s11837-008-0031-1
https://doi.org/10.3390/ma7128168
https://doi.org/10.5772/intechopen.81899
https://doi.org/10.3390/met9030301
https://doi.org/10.1016/j.matpr.2017.02.266
https://doi.org/10.4028/www.scientific.net/MSF.830-831.38
https://doi.org/10.1080/09507116.2011.600026
https://doi.org/10.1007/s40997-020-00357-6
https://doi.org/10.1007/s40997-020-00357-6
https://doi.org/10.1016/j.nucengdes.2010.07.021
https://doi.org/10.1016/j.surfcoat.2020.126545
https://doi.org/10.1007/s00170-017-0372-4


Journal of Advanced Research in Applied Sciences and Engineering Technology 
Volume 50, Issue 2 (2025) 195-207 

205 
 

[19] Günen, Ali, Uǧur Gürol, Mustafa Koçak, and Gürel Çam. "Investigation into the influence of boronizing on the wear 
behavior of additively manufactured Inconel 625 alloy at elevated temperature." Progress in Additive 
Manufacturing 8, no. 6 (2023): 1281-1301. https://doi.org/10.1007/s40964-023-00398-8 

[20] Molero, Glendimar, Shuoran Du, Marc Mamak, Mark Agerton, Mohammad Motaher Hossain, and Hung-Jue Sue. 
"Experimental and numerical determination of adhesive strength in semi-rigid multi-layer polymeric 
systems." Polymer Testing 75 (2019): 85-92. https://doi.org/10.1016/j.polymertesting.2019.01.012 

[21] Singh, Reeti, S. Schruefer, S. Wilson, J. Gibmeier, and R. Vassen. "Influence of coating thickness on residual stress 
and adhesion-strength of cold-sprayed Inconel 718 coatings." Surface and coatings technology 350 (2018): 64-73. 
https://doi.org/10.1016/j.surfcoat.2018.06.080 

[22] “Metallic Materials-Tensile Testing-Pat-: Method of Test at Room Temperature” (2016): EN ISO 6892-1. 
[23] Gai, Xin, Yun Bai, Shujun Li, Wentao Hou, Yulin Hao, Xing Zhang, Rui Yang, and R. D. K. Misra. "In-situ monitoring of 

the electrochemical behavior of cellular structured biomedical Ti-6Al-4V alloy fabricated by electron beam melting 
in simulated physiological fluid." Acta Biomaterialia 106 (2020): 387-395. 
https://doi.org/10.1016/j.actbio.2020.02.008 

[24] Gurrappa, I. J. M. C. "Characterization of titanium alloy Ti-6Al-4V for chemical, marine and industrial 
applications." Materials characterization 51, no. 2-3 (2003): 131-139. 
https://doi.org/10.1016/j.matchar.2003.10.006 

[25] Yang, Xiaojia, Cuiwei Du, Hongxia Wan, Zhiyong Liu, and Xiaogang Li. "Influence of sulfides on the passivation 
behavior of titanium alloy TA2 in simulated seawater environments." Applied Surface Science 458 (2018): 198-209. 
https://doi.org/10.1016/j.apsusc.2018.07.068 

[26] Chi, Guangfang, Danqing Yi, and Huiqun Liu. "Effect of roughness on electrochemical and pitting corrosion of Ti-
6Al-4V alloy in 12 wt.% HCl solution at 35 C." Journal of Materials Research and Technology 9, no. 2 (2020): 1162-
1174. https://doi.org/10.1016/j.jmrt.2019.11.044 

[27] Van Boven, G., W. Chen, and R. Rogge. "The role of residual stress in neutral pH stress corrosion cracking of pipeline 
steels. Part I: Pitting and cracking occurrence." Acta Materialia 55, no. 1 (2007): 29-42. 
https://doi.org/10.1016/j.actamat.2006.08.037 

[28] Turnbull, A., and S. Zhou. "Pit to crack transition in stress corrosion cracking of a steam turbine disc steel." Corrosion 
science 46, no. 5 (2004): 1239-1264. https://doi.org/10.1016/j.corsci.2003.09.017 

[29] Akid, Robert, I. M. Dmytrakh, and J. Gonzalez-Sanchez. "Fatigue damage accumulation: the role of corrosion on the 
early stages of crack development." Corrosion Engineering, Science and Technology 41, no. 4 (2006): 328-335. 
https://doi.org/10.1179/174327806X139108 

[30] Danielewski, Hubert, and Bogdan Antoszewski. "Properties of laser additive deposited metallic powder of Inconel 
625." Open Engineering 10, no. 1 (2020): 484-490. https://doi.org/10.1515/eng-2020-0046 

[31] Marchese, Giulio, Massimo Lorusso, Simone Parizia, Emilio Bassini, Ji-Won Lee, Flaviana Calignano, Diego Manfredi 
et al., "Influence of heat treatments on microstructure evolution and mechanical properties of Inconel 625 
processed by laser powder bed fusion." Materials Science and Engineering: A 729 (2018): 64-75. 
https://doi.org/10.1016/j.msea.2018.05.044 

[32] Yangfan, Wang, Chen Xizhang, and Su Chuanchu. "Microstructure and mechanical properties of Inconel 625 
fabricated by wire-arc additive manufacturing." Surface and Coatings Technology 374 (2019): 116-123. 
https://doi.org/10.1016/j.surfcoat.2019.05.079 

[33] Aouadi, Samir M., Hongyu Gao, Ashlie Martini, Thomas W. Scharf, and Christopher Muratore. "Lubricious oxide 
coatings for extreme temperature applications: A review." Surface and Coatings Technology 257 (2014): 266-277. 
https://doi.org/10.1016/j.surfcoat.2014.05.064 

[34] Niemczyk, Agata, Miroslawa El Fray, and Steve E. Franklin. "Friction behaviour of hydrophilic lubricious coatings for 
medical device applications." Tribology International 89 (2015): 54-61. 
https://doi.org/10.1016/j.triboint.2015.02.003 

[35] Vashishtha, Nitesh, S. G. Sapate, Pranay Bagde, and A. B. Rathod. "Effect of heat treatment on friction and abrasive 
wear behaviour of WC-12Co and Cr3C2-25NiCr coatings." Tribology international 118 (2018): 381-399. 
https://doi.org/10.1016/j.triboint.2017.10.017 

[36] Ataee, Arash, Yuncang Li, and Cuie Wen. "A comparative study on the nanoindentation behavior, wear resistance 
and in vitro biocompatibility of SLM manufactured CP–Ti and EBM manufactured Ti64 gyroid scaffolds." Acta 
biomaterialia 97 (2019): 587-596. https://doi.org/10.1016/j.actbio.2019.08.008 

[37] Mahade, Satyapal, Antonio Mulone, Stefan Björklund, Uta Klement, and Shrikant Joshi. "Incorporation of graphene 
nano platelets in suspension plasma sprayed alumina coatings for improved tribological properties." Applied 
Surface Science 570 (2021): 151227. https://doi.org/10.1016/j.apsusc.2021.151227 

https://doi.org/10.1007/s40964-023-00398-8
https://doi.org/10.1016/j.polymertesting.2019.01.012
https://doi.org/10.1016/j.surfcoat.2018.06.080
https://doi.org/10.1016/j.actbio.2020.02.008
https://doi.org/10.1016/j.matchar.2003.10.006
https://doi.org/10.1016/j.apsusc.2018.07.068
https://doi.org/10.1016/j.jmrt.2019.11.044
https://doi.org/10.1016/j.actamat.2006.08.037
https://doi.org/10.1016/j.corsci.2003.09.017
https://doi.org/10.1179/174327806X139108
https://doi.org/10.1515/eng-2020-0046
https://doi.org/10.1016/j.msea.2018.05.044
https://doi.org/10.1016/j.surfcoat.2019.05.079
https://doi.org/10.1016/j.surfcoat.2014.05.064
https://doi.org/10.1016/j.triboint.2015.02.003
https://doi.org/10.1016/j.triboint.2017.10.017
https://doi.org/10.1016/j.actbio.2019.08.008
https://doi.org/10.1016/j.apsusc.2021.151227


Journal of Advanced Research in Applied Sciences and Engineering Technology 
Volume 50, Issue 2 (2025) 195-207 

206 
 

[38] Yang, Qi. "Wear resistance and solid lubricity of molybdenum-containing nitride coatings deposited by cathodic arc 
evaporation." Surface and Coatings Technology 332 (2017): 283-295. 
https://doi.org/10.1016/j.surfcoat.2017.10.026 

[39] Liu, Xiaoxu, Ryo Yamaguchi, Noritsugu Umehara, Xingrui Deng, Hiroyuki Kousaka, and Motoyuki Murashima. 
"Clarification of high wear resistance mechanism of ta-CNx coating under poly alpha-olefin (PAO) 
lubrication." Tribology International 105 (2017): 193-200. https://doi.org/10.1016/j.triboint.2016.10.016 

[40] Cooper, Peter K., Callan J. Wear, Hua Li, and Rob Atkin. "Ionic liquid lubrication of stainless steel: friction is inversely 
correlated with interfacial liquid nanostructure." ACS Sustainable Chemistry & Engineering 5, no. 12 (2017): 11737-
11743. https://doi.org/10.1021/acssuschemeng.7b03262 

[41] Rodgers, G. W., J. G. Chase, R. Causse, J. Chanchi, and G. A. MacRae. "Performance and degradation of sliding steel 
friction connections: Impact of velocity, corrosion coating and shim material." Engineering Structures 141 (2017): 
292-302. https://doi.org/10.1016/j.engstruct.2017.02.070 

[42] Du, Shuoran, Michael Mullins, Marouen Hamdi, and Hung-Jue Sue. "Quantitative modeling of scratch behavior of 
amorphous polymers at elevated temperatures." Polymer 197 (2020): 122504. 
https://doi.org/10.1016/j.polymer.2020.122504 

[43] Du, Shuoran, Marouen Hamdi, and Hung-Jue Sue. "Experimental and FEM analysis of mar behavior on amorphous 
polymers." Wear 444 (2020): 203155. https://doi.org/10.1016/j.wear.2019.203155 

[44] Du, Shuoran, Marouen Hamdi, and Hung Jue Sue. "Finite element modeling on barrel mar behavior of amorphous 
polymers." In SPE ANTEC 2020: Annual technical conference for plastic professionals, pp. 363-367. Society of Plastics 
Engineers, 2020. 

[45] Sudeepan, J., K. Kumar, T. K. Barman, and P. Sahoo. "Study of friction and wear of ABS/Zno polymer composite 
using Taguchi technique." Procedia materials science 6 (2014): 391-400. 
https://doi.org/10.1016/j.mspro.2014.07.050 

[46] Keshavamurthy, R., V. Tambrallimath, A. A. Rajhi, A. Y. Patil, T. M. Yunus Khan, and R. Makannavar. "Influence of 
Solid Lubricant Addition on Friction and Wear Response of 3D Printed Polymer Composites. Polymers, 2021, 13, 
2905." (2021). https://doi.org/10.3390/polym13172905 

[47] Hua, Shi-Wei, Ming Pang, Feng-Qin Ji, Jie Chen, and Guang Liu. "Microstructure and tribological properties of Ti2AlC-
B particle-enhanced self-lubricating coatings on Ti6Al4V by ultrasonic impact treatment and laser 
cladding." Materials Today Communications 34 (2023): 105165. https://doi.org/10.1016/j.mtcomm.2022.105165 

[48] Paschalidou, Eirini-Maria, Rui Shu, Robert Boyd, Athanasios A. Papaderakis, Babak Bakhit, Arnaud Le Febvrier, 
Grzegorz Greczynski, Per Eklund, and Leif Nyholm. "The effect of the Nb concentration on the corrosion resistance 
of nitrogen-containing multicomponent TiZrTaNb-based films in acidic environments." Journal of Alloys and 
Compounds 927 (2022): 167005. https://doi.org/10.1016/j.jallcom.2022.167005 

[49] Mahlobo, Mandlenkosi GR, Lethu Chikosha, and Peter A. Olubambi. "Study of the corrosion properties of powder 
rolled Ti–6Al–4V alloy applied in the biomedical implants." journal of materials research and technology 18 (2022): 
3631-3639. https://doi.org/10.1016/j.jmrt.2022.04.004 

[50] Lu, Pin, James E. Saal, Greg B. Olson, Tianshu Li, Orion J. Swanson, G. S. Frankel, Angela Y. Gerard, Kathleen F. 
Quiambao, and John R. Scully. "Computational materials design of a corrosion resistant high entropy alloy for harsh 
environments." Scripta Materialia 153 (2018): 19-22. https://doi.org/10.1016/j.scriptamat.2018.04.040 

[51] Stalin, B., G. T. Sudha, C. Kailasanathan, and M. Ravichandran. "Effect of MoO3 ceramic oxide reinforcement 
particulates on the microstructure and corrosion behaviour of Al alloy composites processed by P/M 
route." Materials Today Communications 25 (2020): 101655. https://doi.org/10.1016/j.mtcomm.2020.101655 

[52] Zhu, Jian, Xiang Cheng, Longmei Zhang, Xidong Hui, Yongling Wu, Hongyu Zheng, Zhiqiang Ren et al., 
"Microstructures, wear resistance and corrosion resistance of CoCrFeNi high entropy alloys coating on AZ91 Mg 
alloy prepared by cold spray." Journal of Alloys and Compounds 925 (2022): 166698. 
https://doi.org/10.1016/j.jallcom.2022.166698 

[53] Kolawole, F. O., S. K. Kolawole, J. O. Agunsoye, J. A. Adebisi, S. A. Bello, and S. B. Hassan. "Mitigation of corrosion 
problems in API 5L steel pipeline-a review." J. Mater. Environ. Sci 9, no. 8 (2018): 2397-2410. 

[54] Somers, Anthony E., Bruce RW Hinton, Caspar de Bruin-Dickason, Glen B. Deacon, Peter C. Junk, and Maria Forsyth. 
"New, environmentally friendly, rare earth carboxylate corrosion inhibitors for mild steel." Corrosion Science 139 
(2018): 430-437. https://doi.org/10.1016/j.corsci.2018.05.017 

[55] Nam, Nguyen Dang, Pham Van Hien, Nguyen To Hoai, and Vu Thi Hanh Thu. "A study on the mixed corrosion 
inhibitor with a dominant cathodic inhibitor for mild steel in aqueous chloride solution." Journal of the Taiwan 
Institute of Chemical Engineers 91 (2018): 556-569. https://doi.org/10.1016/j.jtice.2018.06.007 

[56] Brito, Pedro Paiva, Carlos Trivellato de Carvalho Filho, and Gabriela de Andrade Oliveira. "Electrochemical corrosion 
behavior of iron aluminides in sulfuric acid." In Materials Science Forum, vol. 1012, pp. 395-400. Trans Tech 
Publications Ltd, 2020. https://doi.org/10.4028/www.scientific.net/MSF.1012.395 

https://doi.org/10.1016/j.surfcoat.2017.10.026
https://doi.org/10.1016/j.triboint.2016.10.016
https://doi.org/10.1021/acssuschemeng.7b03262
https://doi.org/10.1016/j.engstruct.2017.02.070
https://doi.org/10.1016/j.polymer.2020.122504
https://doi.org/10.1016/j.wear.2019.203155
https://doi.org/10.1016/j.mspro.2014.07.050
https://doi.org/10.3390/polym13172905
https://doi.org/10.1016/j.mtcomm.2022.105165
https://doi.org/10.1016/j.jallcom.2022.167005
https://doi.org/10.1016/j.jmrt.2022.04.004
https://doi.org/10.1016/j.scriptamat.2018.04.040
https://doi.org/10.1016/j.mtcomm.2020.101655
https://doi.org/10.1016/j.jallcom.2022.166698
https://doi.org/10.1016/j.corsci.2018.05.017
https://doi.org/10.1016/j.jtice.2018.06.007
https://doi.org/10.4028/www.scientific.net/MSF.1012.395


Journal of Advanced Research in Applied Sciences and Engineering Technology 
Volume 50, Issue 2 (2025) 195-207 

207 
 

[57] Choudhary, S., A. Garg, and K. Mondal. "Relation between open circuit potential and polarization resistance with 
rust and corrosion monitoring of mild steel." Journal of Materials Engineering and Performance 25 (2016): 2969-
2976. https://doi.org/10.1007/s11665-016-2112-6 

[58] Ismail, Azzura. "Corrosion Performance of Inconel 625 in High Sulphate Content." In IOP Conference Series: 
Materials Science and Engineering, vol. 131, no. 1, p. 012010. IOP Publishing, 2016. https://doi.org/10.1088/1757-
899X/131/1/012010 

[59] Verma, Chandrabhan, E. E. Ebenso, I. Bahadur, I. B. Obot, and M. A. Quraishi. "5-(Phenylthio)-3H-pyrrole-4-
carbonitriles as effective corrosion inhibitors for mild steel in 1 M HCl: experimental and theoretical 
investigation." Journal of Molecular Liquids 212 (2015): 209-218. https://doi.org/10.1016/j.molliq.2015.09.009 

[60] Chen, Wanglin, Te Hu, Chengyong Wang, Hui Xiao, and Xianna Meng. "The effect of microstructure on corrosion 
behavior of a novel AlCrTiSiN ceramic coating." Ceramics International 46, no. 8 (2020): 12584-12592. 
https://doi.org/10.1016/j.ceramint.2020.02.022 

[61] Zhang, Mingming, Yipeng Feng, Yahui Wang, Yunsong Niu, Li Xin, Yongfeng Li, Jianxiu Su, Shenglong Zhu, and Fuhui 
Wang. "Corrosion behaviors of nitride coatings on titanium alloy in NaCl-induced hot corrosion." Acta Metallurgica 
Sinica (English Letters) 34 (2021): 1434-1446. https://doi.org/10.1007/s40195-021-01264-8 

[62] Li, Rongzhi, Congqian Cheng, and Jibin Pu. "NaCl-induced hot-corrosion behavior of TiAlN single-layer and TiAlN/Ti 
multilayer coatings at 500° C." Materials Today Communications 33 (2022): 104421. 
https://doi.org/10.1016/j.mtcomm.2022.104421 

[63] Tian, Huiyun, Xin Wang, Zhongyu Cui, Qiankun Lu, Liwei Wang, Li Lei, Yong Li, and Dawei Zhang. "Electrochemical 
corrosion, hydrogen permeation and stress corrosion cracking behavior of E690 steel in thiosulfate-containing 
artificial seawater." Corrosion Science 144 (2018): 145-162. https://doi.org/10.1016/j.corsci.2018.08.048 

[64] Akande, I. G., O. O. Oluwole, and O. S. I. Fayomi. "Production of lightweight Zn–ZrB2 nanocomposite coatings for 
mechanical, microstructure and corrosion-resistance improvement of carbon steel in acidic medium." Ceramics 
International 48, no. 15 (2022): 22114-22122. https://doi.org/10.1016/j.ceramint.2022.04.203 

[65] Popova, A., M. Christov, and A. Vasilev. "Mono-and dicationic benzothiazolic quaternary ammonium bromides as 
mild steel corrosion inhibitors. Part II: Electrochemical impedance and polarisation resistance results." Corrosion 
Science 53, no. 5 (2011): 1770-1777. https://doi.org/10.1016/j.corsci.2011.01.055 

[66] Zheludkevich, M. L., K. A. Yasakau, S. K. Poznyak, and M. G. S. Ferreira. "Triazole and thiazole derivatives as corrosion 
inhibitors for AA2024 aluminium alloy." Corrosion Science 47, no. 12 (2005): 3368-3383. 
https://doi.org/10.1016/j.corsci.2005.05.040 

https://doi.org/10.1007/s11665-016-2112-6
https://doi.org/10.1088/1757-899X/131/1/012010
https://doi.org/10.1088/1757-899X/131/1/012010
https://doi.org/10.1016/j.molliq.2015.09.009
https://doi.org/10.1016/j.ceramint.2020.02.022
https://doi.org/10.1007/s40195-021-01264-8
https://doi.org/10.1016/j.mtcomm.2022.104421
https://doi.org/10.1016/j.corsci.2018.08.048
https://doi.org/10.1016/j.ceramint.2022.04.203
https://doi.org/10.1016/j.corsci.2011.01.055
https://doi.org/10.1016/j.corsci.2005.05.040

