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Abstract 

The properties of materials are often enhanced for applications in areasautomotive, marine, 

aerospace, petrochemical and oil industrials where components are regularly exposed to atmospheric 

contaminant and corrosives, which eventually leads to loss in mechanical properties such as wear 

resistance, hardness and nanoindentation resistance. In view of these challenges, titanium grade 5 

was coated with Inconel 625 using themagnetron sputtered coating technique, varying the process 

parameters such as temperature, power and deposition time.The chamber utilized for the magnetron 

sputtering was appropriately vacuumed at a base pressure of 1.13 x 10-5 mbar. The wear 

characteristics of the Inconel coated titanium samples using tribometer of 8.1.8 version in accord with 

ASTM G99 criterion, at a normal load of 10 N. A nanoindenter was employed to study the micro-

hardness of the samples at 400.0 Hz in accordance with ASTM A-370. The indentation work done 

during plastic deformation (Wplast.) and elastic deformation (Welast.) was also examined.Relative to the 

other test samples, the ICT C sample (sample coated at the temperature of 200oC, time of 90 minutes 

and power of 200 W) possessed the least wear rate of 0.001064 mm3/N/m. Similarly, the ICT C sample 

exhibited the highest micro hardness, as indicated by the Vickers hardness value which is 544.57 

μN/mm2. More so, the ICT C sample exhibited the lowest Welast. and Wplast. values. These results 

indicated that the ICT C sample exhibited the lowest material loss, superior plasticity and elasticity, 

higherstrengthand great resistance to nanoindentation.  

 

Keywords:  Inconel 625; Micro-hardness; Nanoindentation; Sputtering and Titanium 

 

 

mailto:babaremukunle10@gmail.com


Study of wear, hardness and nanoindentation of magnetron-sputtered Inconel 625 coated titanium 
grade 5 
  
ISSN 2063-5346                                                                                                    Section A-Research paper 
 

3719 
Eur. Chem. Bull. 2023,12(12), 3718-3732 
 

 

1. Introduction 

Modification of the surface of engineering components against deterioration is 

crucial in automotive, marine, aerospace, petrochemical and oil industrials [1, 2]. 

Surface modifications protects metals from wear, corrosion and structural failure, 

which could shorten their life span [3, 4], especially on exposure to contaminants 

and contact with counter bodies. In recent times surface modifications methods such 

as arc welding and thermal spraying has been widely employed on metals to 

enhance their surface properties [5, 6]. However,magnetron sputtering deposition 

provides metals minimal distortion, strong bonding of coating with substrate and 

low dilution of substrate [7]. In magnetron sputtering coating technique, there is 

rarely crack formation, unlike the case of cladding processes where the propensity to 

crack formation is high as a result of rapid melt pool solidification [8, 9], which could 

be detrimental to the microstructure and corrosion performances of metals due to 

the ability of the cracks to act as regions for pitting and crevice corrosion [10, 11]. 

Although, further researches have revealed that with the optimization of the process 

parameters, addition of high ductility alloys and preheating of the parent metal 

before deposition, surface cracking in laser clad can be minimized [12, 13]. 

 

Inconel 625 possesses outstanding ductility and excellent corrosion resistance [14, 

15]. The aforementioned properties of Inconel 625 make it a reliably and choice 

material for the modification of metal surfaces for oil and gas, automotive and 

marine industries [16, 17].  Thus, components and tools life span are enhanced in 

deteriorating environments by the sputtering of Inconel 625 on the surface of metals 

before being subjected to engineering applications [18, 19]. Inconel 625 has often find 

applications in were exceptional corrosion resistance and high temperature strength 

are required [20, 21]. Inconel 625 is a nickel-chromium based superalloy, whose 

nickel and chromium content offers high resistance in an oxidising environment. 

Also, the chromium content has the ability to passivate the surface of metals 
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continuously to form chromium oxide, which is the basic reason for its high 

corrosion resistance [22-24]. It was also reported that the exceptional ductility of 

Inconel 625 aids it propensity to solidification cracking prior to welding, especially 

when coated on metals through the sputter coating technique [25, 26]. 

 

Relative to most techniques of coating, sputter coating technique has the ability to 

give cleaner production environment, enhanced surface quality,superiorefficiency of 

deposition and low wastage of materials,which leads to the improvement of the 

production economy [27, 28]. The formation of pores due to air bubbles entrapment 

is significantly low in the sputtered coating method. This has been severally reported 

with the Inconel sputtered coatings [29, 30]. More so, besides the remarkable 

microstructure of a typical Inconel 625 coated metals, they also often possess high 

corrosion resistance and outstanding micro-hardness in corrosive environments [31]. 

As a result of the above-mentioned characteristics of Inconel alloy and the 

magnetron sputtering deposition technique, Inconel 625 was coated on titanium 

grade 5in this present work, varying the process parameters. The wear resistance, 

Vickers hardness and nanoindentation of the uncoated and coated samples were 

eventually investigated.   

 

2. Experimental Procedure 

Inconel thin coatings were developed on titanium substrate using a magnetron 

sputtering. The chamber utilized for the magnetron sputtering was appropriately 

vacuumed at a base pressure of 1.13 x 10-5 mbar. The deposition was accomplished at 

a time ranging from 60 to 90 minutes. The Sputtering of the samples was carried out 

at the power rating ranging from 100W to 200W. After completing the procedure of 

target thin film on the titanium substrate, the entire samples were kept in chamber to 

cool sufficiently and thereafter, the samples were removed from the vacuum and 

cautiously machined to a dimension of 10 mm x 10 mm for characterization.  The 

sputtering process parameters are indicated in Table 1. 
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Table 1: Sputtering process parameters 

Sample  

Temperature 

oC Time (min) Power (W) 

Ti 

(Control) - - - 

ICT A 100 90 100 

ICT B 150 90 150 

ICT C 200 90 200 

ICT D 150 60 150 

 

2.1 Characterization of Sample  

The wear characteristics of the Inconel coated titanium samples using tribometer of 

8.1.8 version in accord with ASTM G99 criterion. The tribometer is a reciprocating 

sliding wear testing machine. It uses a 6 mm diameter ball made of hard alloyed 

steel as counter material. The wear characteristicsof the samples were 

examinedwitha normal load of 10 N at the target temperature, lab temperature, 

frequency, humidity and linear speed of 24 °C,21.48 °C,15 Hz,47.78%, and 0.25 cm/s, 

respectively. With the aid of the tribometer,the wear rate (mm3/N/m) were 

examined. A nanoindenter was employed to study the micro-hardness of the 

samples at 400.0 Hz in accordance with ASTM A-370. The diamond hard tip was 

pressed on the test samples at a peak load of 300 mN for loading and 900 mN/min 

for the unloading. The Vickers hardness (HV) of the samples was also studied using 

the nanoindenter. Also, from the nanoindentation study, the values of force (mN) 

were plotted against the displacement (nm) or the indentation depth. The force-

indentation depthplots indicated the indentation work done during plastic 

deformation (Wplast.) and elastic deformation (Welast.), and the total work done(Wtotal) 

in picojoule (pJ). 1E-12 J is equivalent to 1pJ.  
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3. Results and Discussion  

3.1 Wear rateof the uncoated and Inconel coated samples 

Figure 1 indicated the wear rate of the uncoated (control) and Inconel coated 

samples.Compared to the entire test samples, the uncoated sample (titanium grade 

5) exhibited the highest wear rate of 0.005795 mm3/N/m. The wear rate was observed 

to reduce on the addition of Inconel 625. The wear rate of the ICT D sample (sample 

coated at the temperature of 150oC, time of 60 minutes and power of 150 W) was 

marginally better that of the uncoated titanium. The wear rate of the ICT D sample 

was 0.004564 mm3/N/m.  

 

However, highly improved wear rates were observed with the ICT A sample 

(sample coated at the temperature of 100oC, time of 90 minutes and power of 100 W) 

and ICT B sample (sample coated at the temperature of 150oC, time of 90 minutes 

and power of 150 W). Relative to the other test samples, the ICT C sample (sample 

coated at the temperature of 200oC, time of 90 minutes and power of 200 W) 

possessed the least wear rate of 0.001064 mm3/N/m. This indicated that the ICT C 

sample exhibited the lowest material loss [32, 33]. The inclusion of Inconel and the 

choice of process parameters could also have influenced the drastic reduction in 

wear rate of ICT C sample. The low wear rate of Inconel coated titanium samples 

compared the uncoated sample indicated that the coated samples exhibited minimal 

volume loss per unit distance [34].The Inconel coating could also have enhanced the 

lubricity of the surface of the titanium,hence, reducing slide friction which 

eventually resulted in the reduction of wear rate[35, 36].  
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Figure 1: Wear rate of the Uncoated and Inconel coated samples 

 

3.2 Micro hardness of the uncoated and Inconel coated samples 

The micro hardness of the uncoated and Inconel coated samples is indicated in 

Figure 2. Compared to the other test samples, the ICT C sample (sample coated at 

the temperature of 200oC, time of 90 minutes and power of 200 W) exhibited the 

highest micro hardness, as indicated by the Vickers hardness value which is 

544.57μN/mm2. This showed that the ICT C sample provided maximum resistance to 

impression or indentation when a load was applied [37, 38]. The other Inconel 

coated titanium sample also exhibited higher Vickers hardness compared to the 

uncoated titanium sample. This indicated that the uncoated titanium sample offered 

the least resistance to the impressing force of the indenter. The relatively high micro 

hardness of the ICT C sample indicated the possibility of high plasticity, elasticity 

and strenght of the sample [39-41]. 
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Figure 2: Micro hardness of the uncoated and Inconel coated samples 

 

3.3 Work done analysis from the nanoindentation of the test samples 

The work done for plastic and elastic deformation to occur in the uncoated and 

Inconel coated titanium samples are indicated in Table 2 and Figure 3. The work 

done during elastic deformation (Welast.) and work done during plastic deformation 

(Wplast.) are indicated by the enclosed section bcd and bdea, respectively for the ICT 

D sample. The corresponding sections can also be derived on the other graphs.From 

Table 2 it can be seen that the uncoated titanium (control) exhibited the highest Welast. 

and Wplast. of 350.55 pJ and 1174.33 pJ, respectively, which culminated to a higher 

Wtotal of 1524.88 pJ. This indicated that on the application of force, more indentation 

depth with minimal resistance was achieved on the uncoated titanium compared to 

the Inconel coated titanium [43, 44].Figure 3 also confirmed the large Welast. and 

Wplast.section ofthe uncoated titanium sample (control). However, relative to the 

entire the ICT C sample (sample coated at the temperature of 200oC, time of 90 

minutes and power of 200 W) exhibited the lowest Welast. and Wplast value as shown 

Table 2. The Welast. and Wplast. section were also confirmed to be very small for the ICT 

C sample. This indicated that lower indentation distance or depth was achieved by 
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the indenting material on the ICT C sample[45-47]. Generally, the reduced Welast. and 

Wplast. values and sections of the Inconel coated titanium sample indicated that the 

sample provided higher resistance to nanoindentation, which led to the reduction in 

elastic and plastic deformation of the samples on the application of forces. 

 

Table 2: Work done analysis from the nanoindentation result of the uncoated and 

Inconel coated titanium samples 

Sample Welast. (pJ) Wplast. (pJ) Wtotal (pJ) 

Control 350.55 1174.33 1524.88 

ICT A 259.94 237.95 497.89 

ICT B 254.27 168.85 423.12 

ICT C 284.05 78.950 363.00 

ICT D 300.61 890.38 1190.99 

 

 

 

Figure 3: Plots of Force versus indentation depth for the uncoated and Inconel coated 

titanium samples  

 

4. Conclusions 
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The hardness, wear and nanoindentation of the Inconel 625 coated titanium grade 5 

accomplished through magnetron sputtered deposition route was studied. The 

Inconel coated titanium were observed to exhibit superior hardness, wear and 

nanoindentation resistance compared to the uncoated titanium. Specifically, the ICT 

C sample (sample coated at the temperature of 200oC, time of 90 minutes and power 

of 200 W) possessed the least wear rate of 0.001064 mm3/N/m. Similarly, the ICT C 

sample exhibited the highest micro hardness, as indicated by the Vickers hardness 

value which is 544.57 μN/mm2. More so, the ICT C sample exhibited the lowest Welast. 

and Wplast. values. These results indicated that the ICT C sample exhibited the lowest 

material loss, superior plasticity and elasticity, higher strength and great resistance 

to nanoindentation. Therefore, the Inconel coated titanium can be applied for several 

advanced applications in automotive, marine, aerospace, petrochemical and oil 

industrials. 
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