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ABSTRACT 

 

The demand for advanced engineered coatings in past decades has intensified 

in several industries including machining, aerospace, marine, nuclear 

industries and construction industries where hardness and protection in terms 

of corrosion and oxidation resistance properties are crucial. For the last five 

decades, the protection of the parent material in particular for enhancing their 

life and performance in extreme operating conditions has been given by 

depositing hard and protective coatings over them. These hard coatings 

provide resistance against local permanent deformations like dents, scratches 

and wear and are mostly used in tribological applications. The protection of 

the specimen is given in terms of making them corrosion and oxidation-

resistant. These hard and protective coatings have been synthesized by several 

chemical and vapor deposition techniques such as plasma spraying, 

electroplating, thermal evaporation, magnetron sputtering, spin coating, 

electrolyte deposition, etc. However, to meet the demand for high-temperature 

applications of bulk and coating materials, researchers have shown their 

interest in Ni-based coatings. In particular, Ni3Al-based coatings have proved 

themselves a better candidate for high-temperature applications because of 

their extraordinary corrosion resistance and oxidation resistance properties. 

Moreover, these coatings have also shown enhanced mechanical and 

tribological properties along with excellent creep and fatigue properties.  

The main objective of the present work was to synthesize the Ni3Al-based 

hard coatings which protect the parent specimen from oxidation attacks at high 

temperatures. Ni3Al-based coatings were deposited on Silicon (110) and Ni-

superalloy (Inconel -718) in alloy form. The evolution of microstructure, 

mechanical properties, and oxidation-resistant properties of Ni3Al coatings as 

a result of variation in substrate temperature, Ni enrichment, and doping of the 

Ni3Al matrix with Cr and Zr in alloy form has been investigated. The chapter-

wise summary of the thesis is given below: 

Chapter 1: shows the evolution of thin films as a potential material 

that meets several industrial demands. The different deposition techniques, 
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their properties, and the area of applications have been discussed briefly. 

Additionally, the chapter shows the motivation of the present work including 

the objectives of the research. 

Chapter 2 displays the techniques used for the synthesis and 

characterization of the Ni3Al-based coatings studied in the present work. 

Section 2.1 shows a brief description of the synthesis of thin films via 

different CVD and PVD methods. It includes the discussion about the 

nucleation at the first stage followed by its growth to deposit thin films by 

different growth modes. The section also covers the principle of working and 

major components of DC/RF magnetron sputtering used to synthesize Ni3Al-

based coatings in this research. Section 2.2 illustrates the characterization 

tools and techniques used to study the microstructure, mechanical and 

oxidation-resistant properties of thin films. It includes the working and 

principle of X-ray diffraction to study the evolution of different phases, Field 

emission scanning electron microscopy (FE-SEM) to study the microstructure, 

atomic force microscopy to study the surface morphology, drop shape 

analyzer (DSA) to evaluate the hydrophobic properties of the film, 

nanoindentation to evaluate the hardness, young’s modulus and adhesion 

strength of the film and the substrate and oxidation test setup to perform 

oxidation test at high temperatures. 

Chapter 3 reflects the synthesis of Ni3Al-based alloy coating at different 

substrate temperatures using DC magnetron sputtering. The chapter includes 

four subsections. Subsection 3.1.1 reflects the basic introduction about the 

existence and need of hard coatings and how Ni3Al-based coatings prove 

themselves a better candidate for industrial applications. Subsection 3.1.2 

shows the parameters of synthesizing Ni3Al-based alloy coating where the 

substrate temperature was varied to deposit four samples on the silicon 

substrate. The films were deposited at room temperature, 200℃, 400℃ and 

600℃. The deposited films were characterized for the evolution of phase, 

microstructure, surface topography, contact angle, and mechanical properties 

using XRD, FESEM, AFM, DSA, and nanoindentation respectively. The 

results of the tests have been shown in subsection 3.1.3 It is observed that the 

Ni3Al film shows the preferred orientation of (111) whose intensity increases 
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with increase in the substrate temperature up to 400℃ beyond which it 

decreases with the evolution of a new peak of Al (111). The results of FE-

SEM show that the film deposited at 400℃ possesses fine and compactly 

packed microstructure whereas the film deposited at 600℃ possesses a higher 

percentage of porosity. Simultaneously the hardness and Young’s modulus of 

the film increases with an increase in the substrate temperature up to 400℃ 

beyond which it falls abruptly. Section 3.1.4 shows the conclusion of the work 

which reflects that the alloy Ni3Al film deposited at 400℃ possesses the best 

microstructural and mechanical properties. The highest hardness and Young’s 

modulus of 12.8 ± 0.8 GPa and (205 ± 15) GPa have been achieved 

respectively. 

Chapter 4 shows the synthesis and characterization of Ni3Al and Ni-

rich Ni3Al films using DC magnetron sputtering. This chapter consists of four 

subsections. Subsection 4.1.1 shows the introduction of the evolution of 

transition metal-based hard coatings and how the demand for Ni-based 

coatings came into the picture when the high-temperature application was 

targeted. It also shows the advancement done so far in the fabrication of NiAl 

and Ni3Al-based protective coatings. Subsection 4.1.2 demonstrates the 

synthesis of Ni3Al and Ni-rich Ni3Al coatings using DC magnetron sputtering 

and co-sputtering respectively. The films were deposited on silicon substrates 

at a substrate temperature of 400℃ where the power to Ni target was 

increased to vary the concentration of Ni in Ni3Al films via co-sputtering. The 

evolution of phase, microstructure and surface properties were characterized 

using XRD, FE-SEM and AFM respectively. The wetting properties of the 

deposited alloy films were characterized using DSA whereas nanoindentation 

was used to evaluate the hardness and Young’s modulus of the films. The 

results of the work are presented in subsection 4.1.3. The results of the XRD 

show that the deposited films show the preferred orientation of Ni3Al (111) 

which is also in accord with the ordered L12 structure of Ni3Al. It is also 

observed that there is an evolution of the XRD peak of Ni5Al (113) when the 

concentration of Ni is increased in the host Ni3Al matrix. The results of EDS 

confirm that the concentration of Ni in the alloy film increases with increase in 
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DC power to the Ni target. The results of nanoindentation showed that the 

Ni3Al film showed the maximum hardness and Young’s modulus of 12.8 ± 0.8 

GPa and 205.3 ± 17 GPa respectively. It is observed that the mechanical 

properties decrease with an increase in Ni concentration in the Ni3Al matrix. 

The conclusion of the study is shown in subchapter 4.1.4. 

Chapter 5 shows the synthesis and characterization of doped Ni3Al 

alloy films. This chapter consists of two major sections. Section 5.1 shows the 

synthesis and characterization of Cr-doped Ni3Al alloy films whereas section 

5.2 shows the demonstrated results of Zr-doped Ni3Al alloy films. Subsection 

5.1.1 shows the introduction of the need for Ni and Ni3Al-based coatings and 

brings out the importance of these coatings for applications at high 

temperatures. The parameters of synthesis of these coatings using DC 

magnetron co-sputtering are explained in subsection 5.1.2. It also explains 

how the deposited coatings were characterized for microstructural and 

mechanical properties. The results of the test have been explained and 

discussed in section 5.1.3. The results of XRD show that the Cr-Ni3Al films 

possess prominent peaks of Ni3Al (111) followed by Ni3Al (200) and Ni3Al 

(220). However, the evidence of the Cr is not seen in any of the XRD spectra 

of Cr-Ni3Al films. The results of FE-SEM show that the grain size of the Cr-

Ni3Al films increases with increase in the Cr concentration which leads to the 

increase in porosity and surface roughness. The subsection also reflects the 

results of nanoindentation performed at room temperature. It is observed that 

the hardness and Young’s modulus of the Cr-Ni3Al films decrease with 

increase in the Cr concentration in the host Ni3Al film. Subsection 5.1.4 

shows the conclusion part of the work which reflects the maximum hardness 

(~ 12.7 GPa) and Young’s modulus (~ 206 GPa) obtained for pure Ni3Al films 

without doping with Cr. Subchapter 5.2.2 shows the synthesis of Zr-Ni3Al 

films followed by characterization to analyze their microstructural and 

mechanical properties. The experiment and characterization techniques were 

common to subchapter 5.1.2 except for the change in target material. In this 

subsection, the Zr target was used in place of Cr for co-sputtering. Subsection 

5.1.3 reflects the discussion of the obtained results. The results of XRD show a 

shift in the XRD peak towards the lower angle as a result of the increase in Zr 
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content in the host Ni3Al matrix. The enrichment of Zr in Ni3Al leads to 

increase in grain size of the film and thus the porosity and surface roughness 

of the film increased simultaneously as studied from FE-SEM and AFM 

images. The results of nanoindentation show that the hardness and Young’s 

modulus decrease with an increase in Zr content in the Ni3Al film. The 

maximum value of hardness and Young’s modulus has been reported as 12.8 ± 

0.8 GPa and 205 ± 15 GPa respectively for 0 W Zr- Ni3Al films in subsection 

5.2.4. 

Chapter 6 brings about the synthesis and characterization of 

microstructural, mechanical (adhesive strength), and high-temperature 

oxidation-resistant properties of doped Ni3Al films. Two major sections 

namely section 6.1 and section 6.2 reflect the study of Cr-doped Ni3Al and 

Zr-doped Ni3Al coatings on Ni superalloy (Inconel-718). Subsection 6.1.1 

brings about a brief introduction to the application of Ni superalloys along 

with their high-temperature stable and oxidation-resistant properties. It also 

includes how the use of thin film coating over the base Ni superalloy improves 

the oxidation-resistant properties and life of the parent specimen. Subsection 

6.1.2 shows the parameters of synthesizing Cr-Ni3Al coatings over Inconel-

718 substrate using magnetron-co-sputtering at the substrate temperature of 

400℃ followed by characterization tools and parameters for studying 

microstructural, adhesion, and high-temperature oxidation-resistant properties. 

The results of the test are mentioned in subsection 6.1.3. The results of XRD 

show a shift in the XRD peak towards the lower angle as a result of the 

increase in Cr content in the Ni3Al matrix. However, it is observed that the 

grain size of the film decreases resulting a decrease in percentage of porosity 

and surface roughness of the film. Additionally, the film doped with 30 W Cr 

in Ni3Al shows the best adhesive strength between the film and substrate. The 

deposited films were exposed to high temperatures of 900℃, 1000℃, and 

1100℃ in the split furnace for the oxidation test. The conclusion subsection 

6.1.4 shows that the film deposited with 30 W Cr in Ni3Al shows the best 

oxidation-resistant properties at 900℃. It also explains that the oxidation-

resistant property of Cr-Ni3Al films increase with increase in the Cr 

concentration in the Ni3Al matrix. The parameters of depositing Zr-Ni3Al 
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films over the Inconel-718 substrate are shown in subsection 6.2.2. All the 

parameters of deposition and characterization were common to subsection 

6.1.2 except the use of the Zr target in place of the Cr target for co-sputtering. 

Subsection 6.2.3 shows the result part that reflects the microstructural 

enhancement of the Zr-Ni3Al due to decreased grain size which leads to 

decrease in the surface roughness of the film. Simultaneously it is observed 

that the adhesive strength and the oxidation-resistant properties of Zr-Ni3Al 

films increase with increase in the Zr content in the Ni3Al matrix. The 

conclusion subsection 6.2.4 shows that the Ni3Al film doped with 30 W Zr 

exhibits the best result in terms of high-temperature oxidation-resistant 

properties when exposed to 900℃. However, it was found that the Ni3Al films 

doped with 30 W Cr has showed the best oxidation-resistant properties. 

The thesis ends with presenting the conclusion and future scope of the 

studies.
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1.1 EVOLUTION AND IMPORTANCE OF THIN FILM 

The demand for materials for different applications including the harsh 

conditions was fulfilled by the raw and bulk materials during the 15th century 

[1]. However, the way of joining similar metals with an interfacial layer of 

thin films has been reported back to 3400 before Christ followed by 

electroplating in few centuries after the death of Christ. Some of the scientists, 

Issac Newton, Robert Boyle, and Robert Hooke studied the interfacial patterns 

of the color spectrum and oil films in early 1660 after the death of Christ [2]. 

Several scientists and research groups studied and understood the importance 

and role of thin films after the development of vacuum technology [1]–[3]. 

The evolution of vacuum technology with the development of thin film 

deposition techniques helped researchers and scientists invent and develop 

several instruments and engineering technologies [4]. The invention of the 

barometer in 1640, the mechanical energy was transformed into electrical 

energy in 1663, use of storage devices in the 1700 century, and the evolution 

of batteries to covert energy, etc. are the gifts of the evolution of thin film 

deposition technologies [1]. The technology of developing different kinds of 

thin films has a long mesmerizing history with its roots being spread from the 

early 20th century till date. 

Thin films are a layer of materials whose thickness lies between a few 

angstroms to a few millimeters. These thin films belong to a part of advanced 

materials group that are used in several industries like, optics, radar 

technology, defense and marine industries, nuclear industries, electronics and 

microchips, power and energy sectors, aerospace and automobile industries, 

etc. Thin films are capable of protecting the parent material (substrate) in even 

harsh conditions and also contributes in the improvement of the properties, 

reliability and durability of specimen. The increased demand for thin films for 

their use in different conditions and environments resulted in the development 

of different classes of coatings and deposition techniques. Depending upon 

their different use, several kinds of thin films have been developed over the 

years with extraordinary properties. Hard, brittle and wear-resistant thin films 

have been used in automobile and machinery industries, hydrophobic and 
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transparent coatings have been used in power industries, heat-resistant, 

corrosion and oxidation-resistant coating have been used in marine, defense 

and aerospace industries, antibacterial, corrosion resistant coatings have been 

used in medical industries and so on. In last five decades researchers have 

developed several kinds of coatings which are used in medical, aerospace, 

marine, defense, power, energy and electronic industries etc. The development 

of thin films serves as a key material which shows its importance in tailoring 

the properties of materials according to the need. They are used to develop 

several technological advancements which gives flexibility in the use of 

materials[5]–[7]. 

1.2 HARD COATINGS 

The name “Hard coatings” is given to a family of thin films which are able to 

protect the parent material (substrate) from the permanent deformation due to 

local indents, scratch and wear. These hard coatings are capable of giving 

protection to the substrates against wear, abrasion and corrosion attacks that 

enhances the life of parent material and also enhances the desired properties 

[8], [9]. 

1.2.1 Need and importance of hard coatings 

With increase in demand of the functional requirements of the material, hard 

coatings have been generally used in automobile industries, machine shop for 

enhancing tool strength, aerospace industries, wear resistant applications of 

automobile industries and so on [10]. Apart from enhancing the wear 

properties and hardness of the specimen, hard coatings also give protection to 

the material against corrosion and oxidation attacks. They also possess 

lubricity and resist wear and abrasion during friction and help enhancing the 

life of the parent material [11], [12]. Researchers have used different transition 

metal-based nitrides and carbides coatings that have revealed resistant 

properties against wear with enhanced hardness in aggressive environments. 

Transition metal-based coatings have been broadly explored and used for their 

high hardness and resistance to wear. Additionally, they have proved their 

candidacy in protecting the parent material from oxidation and corrosion 
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attacks in extreme conditions. The family of hard Transition metal binary and 

ternary nitride thin films of Titanium, Tungsten, Tantalum, Silicon and 

Chromium etc. have found their broad application in cutting tool and machine 

shops, automobile sectors and aerospace applications [13]–[16].  

Hard coatings of titanium are used in chip fabrication industries, 

electromechanical systems and bioimplants at large scale [17] [18]. Vanadium 

and chromium nitride thin films possess exceptional resistance against wear 

which makes them suitable for fabricating engine parts, gears and bearings. 

[19], [20]. These hard coatings have demonstrated enhanced mechanical 

properties with robust resistance against oxidation and corrosion attacks but 

they have failed to endure these properties at extreme elevated temperatures 

[21], [22].  

1.2.2 Deposition method of hard coatings 

There are several ways to enhance the hardness of the material and thin films. 

In case of metallic materials, surface modification, heat treatment, 

incorporation of reinforcing materials to parent material to fabricate 

composites, nano hard coatings, etc. are responsible for increasing the 

hardness of the material. Reinforcing materials used in such cases are nitrides 

and carbides of metals and nonmetals, carbon-rich nanomaterials, etc. [23]. 

The use of metallic materials on a large scale in automobile industries, 

aerospace industries, and marine industries has led to the rise in demand for 

hard and corrosion-resistant coating materials. Several researchers have 

worked on increasing the hardness of the material following the deposition or 

coating technique as the common one. Hard coating involves depositing a thin 

layer of hard material on the specimen that shields it from the adverse effects 

of environmental exposures. [24]. There are two major hard coating deposition 

techniques opted by researchers namely Chemical vapor deposition technique 

(CVD) and physical vapor deposition technique (PVD).  

1.2.2.1 Chemical vapor deposition method 

CVD includes use of gaseous precursor which is introduced in reaction 

chamber to form coatings at 950–1150℃. In other words, CVD is a process in 
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which gaseous compound is condensed on a substrate to form solid coating 

layer [25]. In this process, the precursors used reacts with the surface of 

substrate resulting in deposition of thin and thick layers in the presence of 

inert gas [26]. Generally, the stable gases used in the process are TiCl4, BCl3 

and AlCl3. CVD can produce coatings with high thickness, at high power 

whereas it results in residual stresses in coatings and surface roughness and 

there is requirement of high pressure and temperature which is major 

disadvantage of this process[26] [27]. This technique has the ability to modify 

the optical, mechanical, electrical, and corrosion resistance properties of the 

substrate [28]. This technique can be used to produce coating on large surface 

area as the development of the film can be on either side based on fulfilment 

of precursors [24].  

1.2.2.2 Physical vapor deposition method 

All the deposition methods which use solid precursor materials (commonly 

known as targets) come under the class of Physical Vapor Deposition (PVD). 

During the process, a solid target is converted into gaseous state either by 

evaporation or by impact processes which is cooled on the substrate resulting 

in uniform deposition [29]. Thermal and kinetic activation of film growth is 

the major requirement when compared to CVD.  

The purpose of use of PVD is to achieve good properties like high hardness, 

anti-corrosion property, wear resistance properties, adjustable tribological and 

mechanical properties. Conversely, the requirement of high vacuum is a key 

challenge to be achieved [30]. In PVD based deposition, very fine grain size 

and microcrystalline structure are achieved with enhancement in adhesion 

which results in improving the surface roughness and corrosion resistance 

properties [31]. Finer grains also increase the wear resistance of hard coated 

material [32]. The performance of the hard coatings is affected by several 

factors such as chemical composition, stoichiometry, impurities, 

microcrystalline structure imperfection, orientation, inert gases atmosphere, 

characteristics of targets etc. The properties of hard coatings can be précised 

during the deposition process [33]. Figure 1.1 represents some of the PVD 
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and CVD methods used for depositing thin films on different kinds of 

substrates [24]. 

 

Figure 1.1: Different PVD and CVD techniques used to deposit hard coatings 

1.2.2.3 Literature survey 

A short overview of different deposition method which is used to deposit hard 

coatings along with the target elements, substrate material, coating thickness, 

mechanical and tribological properties that are observed by different 

researchers are mentioned in table 1.1: 

Table 1.1: Literature survey showing the methodology opted by researchers to 

deposit hard coatings 

Authors Methodology Targets/

coatings 

Substrate Major Findings 

Gharavi 

et 

al.,(2018

) [34] 

Reactive 

Magnetron 

Sputtering 

Cr (In 

presence 

of argon 

and 

nitrogen 

gas 

mixture) 

 

Sapphire 
• Prepared coated surface 

showed the hardness of 

H=18.9±0.5 GPa 

• Oxidation resistant up to 

400℃ 

Ou et al., 

(2000) 

[35] 

Deep 

oscillation 

magnetron 

 

TiAlSi  

 

AISI 304L 

stainless 

steel 

• Enhancement in voltage 

caused in reduction in 

grain size. 
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sputtering (argon 

and N2 

mixture) 

• Maximum hardness of ~ 

42.4 GPA and Young’s 

modulus of 495 GPa was 

obtained. 

• TiAlSiN coatings with 

high hardness possessed 

uniform distribution of 

refined grains which 

brings out in lowering the 

rate of wear. 

Yadav et 

al., 

(2000) 

[36] 

Magnetron 

sputtering 

TiSiBC 

(In 

presence 

of argon) 

SS- 304 

sheets 
• Three coatings with 

different thickness of 10 

µm, 15 µm, and 20 µm 

were fabricated 

• With increase in film 

thickness, grain size and 

microhardness improved 

Santecchi

a et al., 

(2019) 

[37] 

Physical vapor 

deposition 

(PVD) 

AlTiCrN 

and a 

superlatti

ce 

(nanolay

ered) 

CrN/Nb

N 

High 

speed tool 

steel 

(S600) 

• Tribotest was conducted ar 

rrom temperature and 

700℃ 

• AlTiCrN coating exhibited 

the best response under the 

ambient tribo-test while 

the coating was removed 

from the substrate at high 

temperature  

• CrN/NbN films were 

moderately pilled off from 

the substrate at room 

temperature and showed 

vilest performance at 

elevated temperature. 

Hauert et 

al., 

(2000) 

[38] 

- Al2O3, 

TiCN, 

TiC, 

TiAlN, 

TiN, 

CrN,  

- • Alloying of a coating 

during deposition, while 

maintaining the deposit as 

a single phase, shows the 

possibility of changing 

most of the properties of 

the coatings. 

PalDey 

et al., 

(2003) 

[39] 

Sputtering and 

CAM 

(cathodic arc 

method) 

(Al, Ti)-

N 

HSS, 

cermet & 

Cemented 

carbide 

• Resistance to wear, hot 

hardness, oxidation and 

thermal stability of tool is 

improved using Ti-Al-N 

coatings and make them 

useful for machining in 

dry conditions. 

• Resistance against 

oxidation is enhanced by 

doping with Cr and Y 

• Resistance against wear is 

improved by incorporating 

Zr, B, V in the matrix 
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whereas addition of Si 

enhances the hardness 

Sundar et 

al., 

(2010) 

[40] 

Novel 

laser/sol-gel 

method 

TiAlN Steel • Thin film of 16 µm was 

deposited 

• These coatings can be 

used for repairing 

purposes. 

• Enhanced 

coating/substrate adhesion 

strength was achieved due 

to the precipitation of Ti-

Al-N grains into the 

substrate. 

Li et al., 

(2013) 

[41] 

Arc 

evaporation 

system 

Cr–Al–N 

& Ti–Al–

N 

Al2O3 

CNMG12

0408 and 

SEET123 

inserts 

• Individual alloy and 

multilayer films of CrAlN 

and TiAlN have been 

prepared. 

• Enhanced hardness of 

~38.2 GPa was attained 

for multilayered 

TiAlN/CrAlN films having 

bilayers of 15 nm. 

• The resistance to oxidation 

enhanced when ratio of 

CrAlN increased with 

respect to bilayer. 

• The results of oxidation 

test shows that the 

formation of oxide layers 

on CrAl-N and 

TiAlN/CrAlN_2 coatings. 

Bukhaiti 

et al., 

(2014) 

[42] 

Industrial 

magnetron 

sputtering 

(DC-mode) 

(MF- pulsed 

mode 

Multilaye

r coatings 

of 

[Ti/TiAl

N/TiAlC

N]5 

Tool steel • Ti/TiAlN/TiAlCN 

multilayer coated sample 

showed low coefficient of 

friction (∼0.28) which is 

almost three times lower 

than uncoated sample. 

• The modulus of elasticity 

of the fabricated films was 

matched to that of the 

substrate. 

• Rate of wear was found to 

be increased with increase 

in load and velocity. 

Long et 

al., 

(2014) 

[43] 

Cathodic arc 

evaporation 

(CAE) 

Cr0.3Al0

.7N and 

Ti0.5Al0.

5N  

Silicon 

nitride 

cutting 

inserts 

• Because of the smaller 

grain size, Ti0.5Al0.5N 

showed comparatively 

higher hardness. 

• The durability and 

performance of the coated 

inserts was enhanced by 
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two times. However, it 

was found to be better 

when coated with 

Ti0.5Al0.5N 

Reddy et 

al., 

(2015) 

[44] 

Pulsed RF 

magnetron 

sputtering 

technique 

Alumina Stainless 

steel-304  
• The icorr values of alumina 

coated SS304 substrate 

was much superior than 

icorr of the uncoated 

substrate. 

• DC sputtered films 

exhibited improved 

resistance to corrosion as 

compared to RF sputtered 

films. 

• The corrosive atmosphere 

didn’t show any 

considerable differences in 

the microstructure and 

surface properties of the 

coating. 

Joshi et 

al., 

(2015) 

[5] 

Reactive DC 

magnetron 

sputtering 

Ti-Nb AISI SS-

304 
• Hardness of the film 

improved with increase in 

N2 flow. 

• XRD spectra reveal the 

existence of NbN, Nb2N3 

and TiN phases. 

Mishra et 

al., 

(2016) 

[7] 

DC magnetron 

sputtering 

Al-Si-N Si, SS-304 

and Glass 
• The synthesized film 

showed the hardness 

values of ~30GPa and 

modulus of ~300GPa. 

Mikula et 

al., 

(2016) 

[45] 

Reactive 

magnetron co-

sputtering 

TiAl and 

Nb (in 

Ar+N2 

environm

ent) 

WC/Co & 

Si (100) 
• The deposited TiAl-based 

thin films showed 

hardness and modulus of 

~32.5 GPA and modulus 

~442 GPa. It was observed 

that the doping of the Nb 

in TiAl matrix decreased 

the hardness to the range 

of ~ 28 to 31 GPa. 

Komarov 

et al., 

(2016) 

[46] 

Magnetron 

sputtering 

TiN and 

TiAlN 

 

(In the 

existence 

of Ar and 

N2 gas 

flow) 

Armco-

iron and 

AISI 304 

steel 

substrates 

• Hardening of the substrate 

using nitrocarburization 

increases the hardness of 

the film by 7 times. 

 

Paskvale 

et al., 

(2016) 

[47] 

Magnetron 

sputtering 

Ti, TiAl 

and Cr 

Tool steel 

AISI D2 

(high 

carbon 

high 

• The presence of MoS2 

contributes in depressing 

the wear rate by the 

fraction of ten. 
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chromium

) 

Almotairi 

et al., 

(2016) 

[48] 

Electroplating Cr Annealed 

416 

stainless 

steel bars 

• The adhesive strength 

between the Cr layer and 

the substrate enhanced 

whereas the residual stress 

increased with rise in the 

film thickness.  

Kong et 

al., 

(2016) 

[49] 

Unbalanced 

magnetron 

sputtering 

(Ar+ plasma) 

Cr, CrTi 

and CrAl 

Si Wafer 

(100) 
• CrAlN gives better 

protection against to 

substrate as compared to 

CrN thin films. 

Sui et al., 

(2017) 

[50] 

Reactive 

magnetron 

sputtering 

TiAlN/Cr

N 

coatings 

cemented 

carbide 

and 

Silicon 

(100)  

• The deposited films 

showed the maximum 

hardness of ~25 GPa 

which decreased 

simultaneously to its 

minimum of 18.1 GPa 

with increase in bilayer 

periods. 

Ch. 

Sateesh 

Kumar, 

Saroj 

Kumar 

Patel 

(2017) 

[51] 

CAE AlTiN 

and 

AlCrN 

Ceramic 

inserts 
• TiAlSiN/TiSiN/TiAlN 

coating displayed higher 

hardness. 

Kaushal 

et al., 

(2017) 

[52] 

Cladding Ni-SiC 

claddings 

SS-304 • The highest microhardness 

of ~1025 HV was attained 

at the top layer while 32 

times better wear 

properties were achieved 

as compared to the single 

layer of cladding. 

Gong et 

al., 

(2017) 

[53] 

Cathode arc 

evaporation 

(CAE) 

TiAlN 

and 

AlCrN 

Carbide 

grade, 

WC-2TiC-

3Co-3Ni-

1Mo 

• Results reflected that the 

friction coefficient of 

AlCrN film was lower as 

compared to TiAlN film 

whereas and thus possess 

better wear resistance  

 

Vettivel 

et al., 

(2017) 

[54] 

Cathodic arc 

deposition 

(CAD) 

TiN, 

TiAlN 

and 

AlCrN 

SS-304 • Use of the coatings helped 

in decreasing the wear rate 

of the substrate and also 

reflected better hardness 

than SS-304. However, 

TiN films have shown the 

best hardness and wear 

resistant properties as 

compared to other two 
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films. 

He et al., 

(2018) 

[55] 

Magnetron 

sputtering 

Ti & Ni  

 

(In 

atmosphe

re of N2) 

Si (100) 

and AISI 

304 

• The grain size of the 

deposited films was 

observed as ~8-9 nm 

• Hardness and modulus 

decreased with increase in 

bilayer periods 

Mahato 

et al., 

(2018) 

[56]  

DC magnetron 

sputtering 

TiSiB-

CN & 

TiSiB-C  

Stainless 

Steel 304 
• The rate of wear in coated 

SS 304 was very less in 

comparison to uncoated 

SS 304.  

• The hardness of the coated 

and uncoated substrates 

was observed as ~27 GPa 

and 4 GPa whereas the 

obtained modulus was 320 

GPa and 130 GPa 

respectively 

Szala et 

al., 

(2019) 

[57] 

DC-

Magnetron 

sputtering 

AlTi-N 

&TiAl-N 

SS 304 • The adhesion strength 

between the substrate and 

deposited films increased. 

• Resistance to erosion in 

AlTi-N films caused by 

cavitation increased by 

one third of TiAl-N films 

which was almost ten 

times higher than the 

substrate. 

Abdallah 

et al., 

(2019) 

[58] 

DC magnetron 

sputtering 

TiN and 

TiAlVN 

(Ti6Al4

V) 

SS304, 

Carbon 

and 

Silicon 

(100) 

• The hardness of the film 

enhanced with rise in the 

adhesive strength between 

Al and V which also 

contributed in enhancing 

the corrosion resistant 

properties. 

Romero 

et al., 

(2019) 

[59] 

DC magnetron 

sputtering 

TiAlTaN

-

(TiAlN/T

aN) 

AISI M2 

steel 

substrates 

• 48:52 ratio of TiAlTaN & 

TiAlN/TaN showed 

hardness of ~29 GPa. 

Alyones 

et al., 

(2019) 

[60] 

DC magnetron 

sputtering 

CrN  Silicon 

(100) and 

stainless 

steel (SS 

304) 

• CrN films deposited at a 

pressure of 4 mtorr 

reflected the best 

resistance to corrosion 

along with highest 

hardness of ~29 GPa. 

Fryska et 

al., 

(2019) 

[61] 

Reactive 

magnetron 

sputtering 

Chromiu

m 

nitride/ch

romium 

and 

(SS 304) • The change in N2 content 

in S-phase varies the 

hardness of the film 
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chromiu

m 

nitride/S-

phase 

Wang et 

al., 

(2020) 

[62] 

Plating 

technique (arc 

ion) 

CrN and 

CrCN 

316L SS 

and 

silicon 

wafers 

(001) 

• It was found that 

CrN/CrCN possess better 

hardness and toughness as 

compared to CrN 

monolayer. 

• Additionally, the Cr-C 

bond contributes in 

increasing the lubrication 

property. 

Kazlausk

as et al., 

(2020) 

[63]  

Physical vapor 

deposition 

CrN and 

TiAlN 

WC-Co • It was found that the 

hardness of the substrate 

increased from ~18 GPa to 

~19.4 GPa when coated 

with CrN and it reached to 

30.8 GPA when coated 

with TiAlN. 

Awan et 

al., 

(2020) 

[64] 

Physical vapor 

deposition 

(PVD) 

Ti/TiN SS 304 • The substrates coated with 

Ti/TiN films were able to 

protect the material from 

corrosion attacks but the 

films with 8 layers of Ti 

showed the best results. 

• Additionally, the best 

resistance to wear was 

showed by TiN films. 

Mejía V 

et al., 

(2020) 

[65] 

DC 

Magnetron 

sputtering 

TiAlN 

(Ag,Cu) 

AISI 420 

stainless 

steel 

• Deposited TiAlN and 

TiAlN (Ag, Cu) films 

resulted in protecting the 

substrate from oxidation 

attacks.  

 

Kevin et 

al., 

(2020) 

[66] 

 

Spraying 

process 

Cr3C2–

NiCr 

SS316 

stainless 

steel 

• The coated substrate 

reflected better erosion 

and corrosion resistant 

properties as compared to 

bare substrate.  

 

1.3 Ni3Al-BASED THIN FILM 

With increase in demand of materials to be used at high temperatures, 

researchers have synthesized different types of transition metal-based coatings 

especially Ti and Ni-based thin films that can sustain high temperatures for 

refractory purposes. Additionally, these coatings are capable of withstanding 

the elevated temperatures for their use in turbine vanes, automobile and jet 
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engines, aerospace productions, and nuclear industries. Some of the major 

applications of these coatings have been shown in figure 1.2. Ni-based 

coatings, especially the group of aluminides like NiAl, NiAl3, Ni3Al, Ni5Al 

and Ni9Al have been generally considered as they possess tremendous 

resistance to oxidation at elevated temperatures without losing their strength. 

[67]–[69].  

 

Figure 1.2: Application of Ti, Ni and other transition metal-based thin films 

 

Ni3Al coatings are polycrystalline intermetallic FCC structured aluminides 

having lattice constant of nearly ~0.3570 nm which form ordered L12 structure 

when deposited or treated beyond 300℃ [70]. Ni3Al-based thin films show 

outstanding resistance to oxidation and corrosion at high temperatures that 

also preserves the structural integrity of the materials [67], [71], [72]. The 

feasting and interdiffusion of aluminum from the Ni3Al surface when exposed 

to elevated temperature par to 900℃, lead to the dilapidation of the coating 
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resulting in the evolution of pores at the interface. Amongst all the class of 

aluminides, Ni3Al has been proven as the best candidate for their application 

at elevated temperatures as it possesses excellent resistance to oxidation and 

corrosion in extreme situations [73], [74]. The Ni3Al coating also gives 

excellent resistance to fatigue and creep failure and hence can be used in 

turbine blades and aero engines [75]. Along with the high temperature 

stability, Ni3Al is able to perform well in extreme conditions where materials 

fail due to creep and fatigue [76]. Several researchers have deposited Ni3Al-

based coatings using different deposition techniques by varying the deposition 

parameters. Some of the research groups have also deposited these films in 

multilayer and alloy forms to understand the change in structural integrity of 

the films which helps in altering the tribological and mechanical properties 

when used at ambient and elevated temperatures [77]–[79]. 

1.3.1 Ni3Al-based films in alloy and multilayer forms 

 Ni3Al-based thin coatings have been fabricated for applications at high 

temperatures. These films are also capable of showing enhanced tribological 

and mechanical properties. The alloy form of Ni3Al based coatings is achieved 

by either depositing the Ni and Al together or by depositing the Ni3Al directly 

in the alloy form using CVD and PVD techniques. Moreover, different kind of 

dopants have been used in alloy or multilayer form to alter their properties. In 

case of PVD, the Ni3Al (in composition of the ratio 75:25) and dopants are 

continuously deposited together to obtain alloy form of Ni3Al coatings 

whereas a different layer of Ni3Al and dopant material is deposited layer by 

layer to form multilayer Ni3Al coatings [80]–[85]. The properties of Ni3Al 

films in alloy form and multilayer form also depends upon the nature and 

concentration of the dopant used where as the number and thickness of 

individual layers plays a crucial part in altering the properties of multilayered 

Ni3Al coatings. Xing et al., [86] deposited alloy Ni3Al and Ni3Al/Cr in 

multilayer form to examine the properties of the deposited coatings. They 

observed that the multilayer Ni3Al/Cr films showed better oxidation resistant 

properties than Ni3Al alloy coatings. Boni et al., [87] enriched Ni3Al with Ni 

in multilayer form and compared the results with alloy Ni3Al films and bulk 
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Ni3Al. It was observed that the Ni/Ni3Al coatings reflected low hardness when 

compared to alloy Ni3Al films which showed the highest hardness of nearly 

13.5 GPa. R Banerjee [88] deposited alloy Ni3Al films at different substrate 

temperature starting from ambient temperature to 400℃ and proclaimed that 

Ni3Al alloy film synthesized at 400℃ exhibited the highest hardness of nearly 

8 GPa. Some of the results of the Ni3Al films in alloy and multilayer form 

have been mentioned in table 1.2. 

Table 1.2: Properties of alloy and multi layered Ni3Al films  

Matrix 

material 

Properties 

Ni3Al & 

Ni3Al/W 

 

[89] 

 

• The rise in concentration of tungsten in Ni3Al matrix increases the 

hardness 

• Hardness of Ni3Al alloy film decreased when annealed after 

synthesis whereas it increased for W-Ni3Al films and that with 12 

at% of W in Ni3Al. 

Ni3Al and 

Ni3Al/Cr 

 

[86] 

 

• Hardness decreased and modulus increased when thin layer of Cr 

was inserted between Ni3Al layers.  

• Oxidation resistance properties improved. 

• Ni3Al/Cr showed enhanced plasticity and toughness than Ni3Al 

alloy film 

Ni-Ni3Al 

and W-

Ni3Al 

 

[68] 

• Increase in content of tungsten in the host matrix refines the 

crystallite size 

• The deposited coating possesses thermally stable microstructure. 

• 12 at % of W in host Ni3Al matrix showed the hardness of ~15.6 

GPa 

Ni3Al/ 

MoS2 

 

[81] 

• MoS2 resulted in enhancing the hardness. 

•  

• The deposited coating possesses low frictional coefficient and 

reflected the property of self-lubrication.  

• Adhesion strength between the substrate and coating was 

enhanced. 

Ni3Al/ Cu 

& MoS2 

 

[82] 

• Microhardness of 320 HV was achieved. 

• The deposited film showed resistance to wear in dry sliding 

conditions at ambient temperature.  

• Adhesion strength of the coating was improved. 

 

1.4 MECHANICAL PROPERTIES OF Ni3Al -BASED THIN FILMS 

Ni3Al-based coatings are intermetallic compound with FCC structure which 

possess a wide range of mechanical characteristics that makes them a suitable 

candidate for application in automobile, aerospace, MEMS, marine and 

defense applications. The mechanical properties of Ni3Al coatings have been 
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generally evaluated in terms of their hardness, Young’s modulus and adhesion 

strength at ambient and high temperatures. According to literature, Ni3Al films 

shows a hardness of ~4 to 8 GPa whereas the modulus varies between ~120 to 

250 GPa. Several research groups have deposited Ni3Al-based coating by 

varying the deposition parameters and use of different dopants. As a result, 

they improved the hardness of the film up to ~12 to 17 GPa whereas the 

modulus between ~220 to 280 GPa has been achieved [87]. The adhesive 

characteristics of the film lies upon the surface quality and features of the 

substrate material and type of coating deposited on the surface for particular 

applications. The adhesive strength of the coatings becomes important as the 

deposited films should not peel off from the surface of the substrate when used 

in engineering components. Mishra et al.,[90] deposited Ni3Al films over 

Superni 75 & 718 and Superfer 800H using plasma spraying technique. It was 

found that the deposited coating possessed the adhesion strength of 17.6 MPa. 

Additionally, some research group showed that the Ni3Al-based coatings also 

possess high resistance to fracture and creep [91]. Some of the results 

reflecting the mechanical properties of Ni3Al-based coatings is indexed in 

table 1.3. 

Table 1.3: Mechanical properties of Ni3Al-based coatings 

Authors Coating 

and 

substrate 

Hardness Young’s 

modulus 

 Boni et al., 

(1995) [92]   

Ni3Al over 

Silicon 

using 

sputtering 

• For Ni3Al bulk - 9.3 ± 0.5 GPa 

• For alloy Ni3Al - 13.5 ± 0.3 GPa 

• For Ni/Ni3Al (5 nm layer 

thickness) - 12.1 ± 0.2 GPa 

• For Ni/Ni3Al (2.5 nm layer 

thickness) – 11.8 ± 0.1 GPa 

NA 

Ng et al., 

(1998) [93] 

Ni3Al over 

nickel 

substrates 

• As deposited Ni3Al films-max 

310 HV 

• Ni3Al annealed at 300℃ for 2 

hours – 345 HV 

• Ni3Al annealed at 700℃ for 2 

hours – 490 HV 

NA 

Tixier et al., 

(1998) [87] 

Ni3Al/Ni 

multilayers 

over 

Silicon 

• For bulk Ni3Al – 9.3 ± 0.5 GPa 

• For Ni3Al/Ni with different layer 

thickness – 11.9 ± 0.6 GPa to 

17.5 ± 0.4 GPa 

For Ni3Al/Ni 

with different 

layer thickness 

– 256.2 ± 5.7 

GPa to 288.5 ± 

7.5 GPa  
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Meng et al., 

(2000) [94] 

Ni/Ni3Al 

over silicon 
• ~ 3.5 to 5 GPa NA 

Xu et al., 

(2000) [95] 

Ni3Al over 

silicon 

using PLD 

• For as deposited Ni3Al with 

increase in indentation loading 

hardness varies simultaneously 

between 830 HV to 1000 HV 

• For Ni3Al annealed at 1073 K for 

1 hour and with increase in 

indentation load hardness varies 

simultaneously between 1050 HV 

to 1025 

NA 

Banerjee et 

al., (2003) 

[96] 

Ni-25 Al 

alloy thin 

films and 

Ni/Ni3Al 

multilayers 

over Si 

using 

sputtering 

• Film deposited at 200℃ - ~ 7.3 

GPa 

• Coatings fabricated at 400℃ - 

~6.5 GPa 

• Film deposited at 45℃ - 2 GPa to 

6 GPa with increasing indentation 

load 

Films deposited 

at 45℃, 200℃ 

and 400℃ 

shows the 

moduli of 180 

GPa, 200 GPa 

and 200 GPa 

respectively. 

Rajarshi 

Banerjee 

(2006) [97] 

Ni3Al over 

silicon 

using 

sputtering 

• For Ni3Al Fabricated at 45℃ 5 m 

torr pressure – 5 GPa 

• For Ni3Al fabricated at 45℃ and 

25 m torr pressure – 9.4 GPa 

• For Ni3Al fabricated at 200℃ 

and 5 m torr pressure – 7.9 GPa 

 

NA 

Fedorischeva 

et al., (2007) 

[98] 

Ni3Al over 

si at 

different 

temperature 

• As deposited Ni3Al- 5.61 GPa 

• Ni3Al with ion beam treatment 

6.99 GPa 

NA 

Xing et al., 

(2013) [86] 

Ni3Al and 

Ni3Al-Cr 

over Si  

• Hardness of Ni3Al film – 8.4 GPa 

• Hardness of Cr/Ni3Al films – 8.0 

GPa 

Modulus of 

Ni3Al films – 

191.4 GPa 

Modulus of 

Cr/Ni3Al films 

– 219.2 GPa 

Azarmi et 

al., (2014) 

[99] 

Ni-Ni3Al 

using cold 

spraying 

• Hardness in the range of ~413.2 

to 427.5 HV was achieved for 

cold sprayed Ni-Ni3Al 

composites 

NA 

Kornienko et 

al., (2015) 

[69] 

Ni3Al using 

plasma 

spraying 

• Microhardness in the range of 

~579 to 675 HV was found with 

variation in regimes during 

deposition 

NA 

 

1.5 TRIBOLOGICAL PROPERTIES OF Ni3Al -BASED THIN FILMS 

The tribological property of Ni3Al-based coatings deals with the study of its 

wear resistant properties, behavior of acting frictional forces and lubrication 

when two surfaces come in contact. Additionally, the tribological properties 
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deals with the abrasion, corrosion and oxidation resistant properties when 

exposed to extreme environments. One of the significant advantages of using 

Ni3Al-based coating is that it exhibits low coefficient of friction which 

minimized the wear rate and make them useful for their applications in MEMS 

and cutting tools because of high wear and abrasion resistant properties. Ni3Al 

films also acts as solid lubricant which helps in improving their wear resistant 

properties even at high temperatures. Additionally, these films found their 

applications at elevated temperatures as they exhibit extraordinary corrosion 

and oxidation resistant properties [67], [71], [72]. This is because of the 

formation of protective layers of Al2O3 and NiO that protects the parent 

materials (substrates) from being drastically oxidized. Mirzaaghaei et al.,[82] 

presented that the Ni3Al films doped with MoS2 exhibits self-lubrication 

features and also shows low frictional coefficient when deposited on steel 

substrates. Xing et al.,[86] used DC magnetron sputtering to deposit 

multilayered and alloy Ni3Al films on superalloy. They observed better 

oxidation resistant properties of multilayered films when compared to alloy 

films. It was also observed that the addition of chromium layer in the host 

Ni3Al reduced the rate of oxidation of the films. Meng et al.,[94] used 

magnetron co-sputtering to fabricate multilayers of Ni-Ni3Al coatings over 

silicon substrate. They observed the formation of Al2O3 layer on the surface of 

the coating during deposition at high temperature and annealing because of the 

oxidation of aluminum. These developed layers acts as a protecting layer and 

prevents the material from being drastically oxidized. Mishra et al.,[90] 

investigated the properties of Ni3Al coatings deposited on superalloys using 

plasma spray technique. The results showed that the films were oxidized after 

10 cycles (1 cycle is equal to 100 hours) when exposed to coal power plant 

and their kinetics was investigated using weight gain measurements. The 

oxidized coatings persist protective layers which contributes in increasing the 

life and durability of the substrate and film. Some research group showed that 

Ni3Al-based coatings are capable of protecting the materials from oxidation 

and corrosion attacks. however, several research and attempts are being done 

to improve these properties even in harsh environments at elevated 

temperatures [86], [89].  
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1.6 APPLICATIONS OF Ni3Al -BASED THIN FILMS 

Ni3Al intermetallic compound in form of thin films has a wide area of 

applications because of its remarkable tribological and mechanical properties. 

Moreover, its extraordinary corrosion and oxidation resistant properties makes 

it a suitable candidate for its application at high temperatures. The enhanced 

mechanical properties of these films allow them to be used in cutting tools for 

woodshops and machine shops whereas because of their wear resistant 

properties, they are used in aerospace machineries, MEMS, and data storage 

devices [86]. They can also be used in the automobile industries for making 

engine parts and automobile components. These films possess enhanced 

corrosion resistant properties which makes them a suitable candidate for their 

use in medical devices and electronic gadgets. Moreover, their extraordinary 

and unparallel oxidation resistant properties make them worthy for different 

scale of applications at ambient and high temperatures.  

These Ni3Al-based coatings can be used in boilers, heat exchangers and blades 

of gas turbine [89], [96]. Additionally, they are used in making the combustion 

components, seals and bearings, and vanes of gas turbines and parts of 

automobiles and aerospace industries. The areas of application of hard and 

protective Ni3Al based coatings are shown in figure 1.3. 

 

Figure 1.3: Areas of application of Ni3Al based hard and protective coatings 
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1.7 MOTIVATION OF PRESENT WORK 

The prime motivation of the study starts with the need and application of hard 

and wear resistant coatings for industrial applications. Moreover, the demand 

of materials in thin film state for high temperature application draw the 

attention towards the coating materials that possess remarkable properties 

against oxidation and corrosion. The idea of using Ni-based coatings 

particularly Ni3Al- based intermetallic compound coatings came after looking 

at the necessity of coatings for their use in gas-turbine components and blades, 

aerospace & defense industries. 

1.7.1 Why Ni3Al-based coatings are chosen 

Over the last few decades, Nickel based thin films especially Ni3Al 

intermetallic compound films have been recognized as a promising and 

competent candidate for their use at elevated temperatures as they possess 

extraordinary tribological and mechanical properties where resistance to 

oxidation and corrosion is the significant one. Some of the key facts about the 

fabrication and results of Ni3Al coatings have been presented in figure 1.4 

and 1.5. 

• Nickel aluminide thin films especially the Ni3Al are thermally stable and 

reflect good mechanical and tribological properties. These films have 

shown better corrosion and oxidation resistance properties even at high 

temperatures. 

• RF/DC magnetron sputtered Ni3Al-based coating is generally 

homogeneous with less contamination. Magnetron sputtering is capable of 

depositing these films at different substrate temperatures and in both alloy 

and multilayer forms. 

• Synthesis of Ni3Al films in multilayered arrangement with incorporation 

of Ni layers has shown improved tribological and mechanical properties 

than alloy form. 

• The strength and properties of Ni3Al based coatings are influenced by the 

use of dopants like Cr, W, Zr, Ni, MoS2 etc. 
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• The microstructural arrangements of grains are influenced by the heat 

treatment (generally annealing) method after fabrication which modifies 

the properties of the synthesized coatings. 

• The fabrication of Ni3Al coatings over the heated substrate par to ~300℃ 

or the annealing of the film after their fabrication contributes in the 

evolution of ordered L12 phase of Ni3Al which is responsible for 

increasing the hardness of the film regardless of the Hall-Petch grain size 

theory. 

Very limited research in the area of Ni3Al based coating is reported in the 

literature where the optimization of sputtering pressure, substrate temperature, 

concentration of dopant is still to be explored.  

There are some results which imitates the consequence of heat treatment on 

the properties of these coatings but still there is a huge gap in identifying the 

range of the treatment temperatures and time. 

 

Figure 1.4: Variation in mechanical properties at different deposition 

parameters [68], [89], [100]–[103] 
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Figure 1.5: Variation in oxidation properties due to different composition of 

dopants and parameters of synthesis [86], [93], [104] 

 

1.7.2 Objectives of the research 

The objectives of the research work have been mentioned below: 

1. Synthesis of Ni3Al-based coatings via magnetron sputtering. 

2. Characterization of phase and composition of Ni3Al-based coatings.  

3. Characterization of synthesized coatings for hardness, adhesion and 

oxidation. 

4. Comparison of Ni3Al-based coatings synthesized at different parameters. 
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2.1  SYNTHESIS OF THIN FILMS 

Thin films are a class of materials that are generally measured in terms of their 

thickness. The thickness of thin films typically ranges between a few 

angstroms (Å) to multimeters (mm) [105]–[107]. The deposition of thin film 

over a substrate generally consists of two steps; nucleation and film growth. In 

any kind of deposition technique either in CVD or PVD etc. [108], [109], 

nucleation is a process where the group of atoms from the vapor or solution 

come together to form a nucleus which governs the formation of the new 

phase. The formation of nuclei uniformly over the parent surface is called 

homogeneous nucleation while structural inhomogeneities reflect 

heterogeneous nucleation like dislocations and grain boundaries [110]–[112]. 

While studying the case of the liquid phase, the formation of heterogeneous 

nucleation is easy because of the presence of a nucleating surface but the 

formation of homogeneous nucleation is considered thermodynamically by 

observing the total free energy of the particle. Figure 2.1 shows the diagram 

explaining the possibilities of the existence of the nucleus with respect to the 

free energy. 

The total free energy of the spherical-shaped particle of diameter “r” is given 

by equation 2.1. 

∆𝐺 = 4𝜋𝑟2𝛾 +
4

3
𝜋𝑟2∆𝐺𝑣    Equation 2.1 

 ∆𝐺𝑣 = −𝐾𝐵𝑇 ln(𝑠) /𝑣                 Equation 2.2 

To form a stable nucleus, the maximum free energy a nucleus transit is 

calculated by d ΔG /dr = 0 which gives a critical free energy and critical radius 

of the particle as shown in equation 2.3 and equation 2.4 which shows that 

the formed particle can survive in the solution if it achieves the critical free 

energy to achieve its critical size or it will redissolve [113]. 

∆𝐺𝑐𝑟𝑖𝑡𝑖𝑐𝑎𝑙 =
4

3
𝜋𝛾𝑟𝑐𝑟𝑖𝑡𝑖𝑐𝑎𝑙 = ∆𝐺𝑐𝑟𝑖𝑡𝑖𝑐𝑎𝑙(ℎ𝑜𝑚𝑜) Equation 2.3 

𝑟𝑐𝑟𝑖𝑡𝑖𝑐𝑎𝑙 = −
2𝛾

∆𝐺𝑣
=

2𝛾𝑣

𝐾𝐵𝑇 ln(𝑠)
    Equation 2.4 
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Where r and γ is represents the radius and surface energy of the particle, ΔGv 

and ΔG represents energy of bulk crystal and total free energy, S is the 

supersaturation of the solution, T is temperature, KB is Boltzmann’s constant. 

 

Figure 2.1: Free energy diagram for the formation of the nucleus with a 

critical radius 

 

Once the formation of nucleation is stable and homogeneous, their growth can 

be observed due to their coalescence in various ways which finally end up 

with the formation of thin coatings [114], [115]. The process involved in the 

growth mechanism of thin films are shown in figure 2.2. 

(a) Layer by layer growth: This process is also called as Frank-Vander 

Merwe growth mode. The interaction strength between the substrate and 

the atoms of the material to be deposited is higher as compared to the 

interaction strength between two neighboring atoms. This results in the 

growth of a new layer over the deposited layer. 

(b) Island growth: This process is also named as Volmer-Weber growth 

mode. In this case the interaction strength between the consecutive atoms 

to be are higher as compared to the interaction strength between the atoms 

and substrate. This results in the clustering of the atoms which take a shape 

of island. The coalescence of these island results in the formation of thin 

films. 

(c) Layer by layer plus island growth: This growth is also termed as 

Stranski-Krastanov growth mode in which the growth starts with the 
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formation of layers followed by the clustering of atoms resulting in the 

formation of islands. The coalescence of the atoms in layer and island 

forms the coatings. 

 

Figure 2.2: Growth modes of thin films 

2.1.1 Magnetron sputtering for deposition of Ni3Al films 

Magnetron sputtering is a thin film deposition technique that comes under the 

broad category of physical vapor deposition technique. In this technique, the 

solid target material is bombarded using high-energetic ions which results in 

the sputtering of atoms from the surface of the target [116]–[119]. The 

sputtered atoms are confined in a radial direction towards the substrates in the 

form of stable plasma which is then condensed on the surface of the substrate 

in the form of thin films. The confinement of the plasma in the radial direction 

is provided by the permanent magnets which are placed in a circular geometry 

behind the target material in the sputtering gun as shown in figure 2.3. 

A large variety of materials can be deposited over any substrate using this 

technology. DC magnetron sputtering is used to deposit the metallic 

conducting material (alloy or compounds of conductor or semiconductor) 

whereas to deposit nonconducting material Radio frequency (RF) sputtering is 

used. This is because the non-conducting target is charged due to the deficit of 

conductive routes for the flow of electrons which further leads to the 

formation of unstable plasma. However, in the case of radio frequency power 

supply, there is a continuous alteration of AC current which helps in 
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preventing the charge buildup at the surface of non-conducting target material 

and thus enables the formation of stable plasma. Figure 2.4 displays the 

schematic diagram of the magnetron sputtering and its major equipment. The 

major components of the magnetron sputtering setup are: 

 

Figure 2.3: Schematic diagram of sputtering gun and placement of permanent 

magnets 

 

(a) Vacuum chamber: The vacuum chamber is designed with a specific 

material (generally steel) in such a way that it reaches the required low 

pressure in a short duration of time. The entire magnetron sputtering 

process takes place inside the vacuum chamber to eliminate the possibility 

of contamination during the deposition. 

(b) Rotary and Turbopump: The vacuum chamber is evacuated with the help 

of a turbo pump attached to the rotary pump before sputtering. This helps 

in removing the contaminants and impurities from the chamber before 

sputtering and maintains the actual required sputtering pressure during the 

deposition. 

(c) Vacuum gauges: Low-pressure gauges (Pirani gauge) and high-pressure 

gauges (Penning gauge) are generally used to monitor the pressure inside 

the vacuum chamber. 

(d) Thermocouple: It is used to measure the substrate temperature inside the 

vacuum chamber. 
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(e) Sputtering guns: Sputtering guns are the arms of the sputtering process. 

The solid target material is clamped to the sputtering gun which helps to 

sputter the atom from the surface of the target when the power is supplied. 

(f) Mass flow controller: It is used to supply a specific amount of the 

sputtering gas which gets ionized inside the vacuum chamber and sputters 

the target material. 

(g) Power supply (DC/RF): Depending upon the nature of the target material, 

the DC/RF power is supplied to the sputtering which creates a voltage 

difference between the cathode (target) and anode (substrate) generating an 

electric field that allows the ions to bombard the target and thus sputtering 

occurs. 

(h) Substrate and substrate holder: The substrate is a material over which the 

film is to be deposited. The substrates are clamped to the rotating substrate 

holder which is equipped with the heating facility. 

(i) Target material: It is a solid material in the form of a circular disc of a few 

millimeters which is clamped in sputtering guns. This is the material that 

undergoes bombardment and is sputtered off and deposited in the form of 

thin films over the substrates. 

 

Figure 2.4: Schematic diagram of the magnetron sputtering system 

Another way of depositing over the surface is reactive magnetron sputtering. 

This process is similar to magnetron sputtering except for the use of processed 



 CHAPTER 2: Experimental and Characterization Techniques 

29 
 

sputtering gas. In reactive magnetron sputtering, a reactive gas is passed in the 

vacuum chamber which ionizes because of the difference in voltage between 

anode and cathode and thus bombards the target material which sputters off 

the surface of the target. The reactive gas can be used in single or sometimes 

they are used in ratio with the noble gases (Ar or He). The reactive magnetron 

is capable of depositing several kinds of nitrides, carbides, oxides and 

oxynitrides like TiN, CrN, B4C, SiC, MgO, SiO2, CuO, TiON, SiNxOy etc. 

 

Figure 2.5: DC magnetron sputtering system used in the present work 

Figure 2.5 displays the actual setup of the magnetron sputtering used in the 

present work. The setup is equipped with three sputtering guns with the 

flexibility of 1-inch and 2-inch diameter targets clamping facility, three mass 

flow controllers, a substrate heater (coil type), a chiller, a load lock with 

magnetic arm, and both DC and RF power supply systems. The chamber is 

initially evacuated at a pressure of ~10-6 mbar using a turbo pump backed with 

a rotary pump. The desired amount of sputtering gas (noble or reactive gas) is 

allowed to pass inside the chamber with the help of mass flow controllers 

(MFC) and the chamber pressure is maintained with the gate valve of the turbo 

pump. The cleaned substrates are clamped to the substrate holder either by the 

use of clamping pins or silver paste and the holder is rotated between the 

desired speed of 0 ≤ 30 rpm. There is also a provision to heat the substrate up 

to 800℃. Additionally, the distance between the substrate and the targets can 
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be adjusted between 10 cm to 15 cm. Two DC power supply system (1 kW) 

and 1 RF power supply system (300 W) is available with the magnetron 

sputtering setup. A pre-sputtering is done to eliminate the impurities and 

contaminants from the surface of the target followed by the actual sputtering 

for the desired period of time. Once the deposition is over, the heated substrate 

is cooled in the chamber itself followed by venting the chamber using nitrogen 

gas.  

2.1.2 Parameters of deposition 

In order to deposit the films in multilayer or alloy form, there are several 

sputtering and deposition parameters that can be optimized to achieve better 

results. Some of the parameters have been discussed below [120], [121]: 

(a) DC/RF power supply: DC and RF power supply is given to the sputtering 

guns as per the requirement and nature (conductive/nonconductive) of the 

target material. Additionally, it has been reported that RF sputtering is a 

controlled way of deposition that produces thin films with good 

microstructure whereas the rate of deposition is higher in DC sputtering. 

(b) Sputtering gas pressure: Sputtering gas pressure has a vital role in altering 

the microstructural integrity of the deposited films and thus their 

properties. It influences the microstructure, uniformity and thickness of the 

film. It is reported that the film deposited at low pressure results in a low 

rate of depositio. However, in case of higher pressure in reactive 

magnetron sputtering, the rate of chemical reaction increases which further 

affects the microstructure and properties of the deposited films. 

(c) Sputtering gas used: The type of sputtering gas (noble/reactive) and its 

purity highly influence the properties of thin films. The type and the 

volume of the noble gas inserted in the chamber for deposition have a high 

impact on the microstructure, adhesion, crystallinity and the amount of 

stress induced in the film. In the case of reactive gas flow, the 

microstructure, and composition of the film are highly influenced which 

results in altering the properties of the film.  

(d) Substrate temperature: The variation in substrate temperature generally 

affects the microstructure, adhesion and crystallinity of the deposited 
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coatings as higher substrate temperature gives additional time for the 

rearrangement of atoms which results in producing smooth surfaces and 

thus reduced surface roughness, but in some case the agglomeration of 

crystallites results in the formation of larger grains which increases the 

surface roughness of the film. There can also be the development of 

stresses in the films due to adatom diffusion. It also alters the 

morphological properties of the deposited coatings. 

(e) Substrate target distance: The variation in substrate target distance during 

deposition has a great impact on the rate of deposition, the uniformity in 

deposition and thus the film thickness. The high rate of deposition and the 

enhancement in film thickness due to the small substrate target distance 

also affect the grain growth and thus the microstructure of the coatings. 

(f) Substrates and targets: The use of different solid targets with different 

power supplies alters the chemical composition of the deposited film 

whereas the use of different substrates for a similar coating alters the grain 

growth because of a mismatch in lattice parameters and thus affects the 

phase formation and the microstructure of the film. 

(g) Sputtering power: Sputtering rate and the film thickness is the major 

component which is generally affected by alteration in the sputtering 

power. Additionally, it has a great impact on the surface properties (surface 

roughness) and microstructure of the coatings. 

(h) Deposition time: It generally influences the variation in thickness of the 

deposited coatings. Higher deposition time results in higher film thickness 

and vice versa. Moreover, it also affects the evolution of phases, 

crystallinity and the type and amount of stress induced in the film 

(i) Fixed, rotating or tilt angle deposition: The way of placing the substrates 

to the substrate holder also influences the uniformity and crystallinity of 

the coatings. The rotating substrate holder results in a homogeneous 

deposition of the film whereas the tilted substrate positioning helps in 

varying the film thickness over the same substrate. 

 

2.2  Characterization techniques 

2.2.1 X-Ray diffraction technique 
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X-Ray diffraction is a nondestructive powerful and multipurpose analytical 

method that is used to disclose the information about the formation of phases, 

crystallographic structure, crystallite size, strain, lattice parameters, defects 

and stress etc. of a crystalline material [122], [123]. The method of 

characterization is employed over different kind of bulk solid materials, power 

materials and thin films etc. Particularly in the case of thin films, XRD can 

reveal the crystallographic structure of the film in the thickness range of very 

few angstroms (Å) to millimeters. 

X-rays are similar to the electromagnetic radiations of light with 

comparatively shorter wavelengths. They are generally produced by two 

different processes namely acceleration and fluorescence. The X-ray is 

generated by a method called Bremsstrahlung radiation. Electrons are 

accelerated to high energy levels and are directed towards the target of heavy 

metals to produce X-rays. The circulation of relativistic electrons under 

magnetic field within electron storage rings also leads to the acceleration of 

electrons known as synchrotron radiation. In case of fluorescence, the target 

material experiences a core shell ionization by incident electrons where the 

electron of the outer shell fills the vacancy of the inner shell causing the 

generation of X-ray. The process of XRD mainly relies on the constructive 

interference of crystalline specimen and the monochromatic X-rays [124]. 

When the X-rays of wavelength (~1.5 Å) is subjected towards the crystalline 

sample to be tested at specific angle (theta), it undergoes diffraction which 

upon constructive or destructive interference liable upon the path variance 

reveals the crystallographic information of the sample. The constructive 

interference of X-rays generates diffraction peaks in the spectrum which 

relates the angle of incidence, wavelength and the inter-planar spacing of the 

crystalline material. The formulated equation for the constructive interference 

was given by W.L Bragg as shown in Equation 2.5 [125], [126]. 

𝑛𝜆 = 2𝑑(ℎ𝑘𝑙) sin 𝜃    Equation 2.5 

Where n is the maximum order of diffraction, λ is wavelength, d is inter-planer 

spacing and Ө is Bragg’s angle (between incident ray and plane). 
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The diffraction pattern consists of the two major components namely the peak 

position (theta) and peak intensity. These two parameters are used to 

investigate and analyze the information about the phase formed, size and 

shape of unit cell and the crystallize size of the material. The crystallite size of 

the material can be calculated using Scherrer formula shown in equation 2.6 

[127]–[130]. To find the accurate broadening in the XRD peak it is always 

suggested to subtract the instrumental line width from the observed line width. 

0.9𝜆

𝐵 cos𝜃
      Equation 2.6 

Where, D is the crystallite size, λ is wavelength of the target material, B is the 

full width at half maxima (FWHM) and Ө is Bragg’s angle 

Figure 2.6 shows the schematic diagram of the X-ray diffractometer. The 

three major components of the XRD diffractometer are the X-ray tube, the 

specimen and the detector. The filament is heated in the X-ray tube which 

generates electron that further bombards with the target material when the 

voltage is supplied. The X-rays are produced when the electrons of high 

energy repudiate the electrons of the inner shell of the target. However, 99 

percent of the kinetic energy of the electron are converted into heat when they 

bombard with the target material resulting in the formation of X-ray with 

remaining 1 %. The produced X-ray consists of the several components 

prominently Kα and Kβ. Kβ consists of a shorter wavelength as compared to Kα 

and are filtered out using the absorbing film. Furthermore, Kα consists of two 

components Kα1 and Kα2. Kα1 has a small wavelength as compared to Kα2 but it 

shows intensity twice than Kα2. Since the both the components of Kα shows 

almost same values of wavelength, the average of the two is used to produce 

the result. The constructive interference occurs when the geometry of the X-

ray encroaching the sample to be tested satisfies the Bragg’s lay stated in 

equation 2.5, resulting in the formation of XRD spectra which shows a 

relation between the intensity and position (two theta) of the XRD peak.  

Figure 2.7 shows the actual powder XRD (Bruker D8 ADVANCE ECO) and 

GI-XRD (Empyrean Panalytical) used in the present work. In both the setup 

copper has been used as a target material with Cu Kα = 1.54 Å.  
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Figure 2.6: Schematic diagram of X-ray diffractometer 

 

 

Figure 2.7: X-ray diffraction (a) XRD (Bruker D8 ADVANCE ECO) (b) GI-

XRD (Empyrean Panalytical) 
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2.2.2 FE-SEM and EDS analysis 

Scanning Electron microscopy (SEM) is a prevailing imaging method that 

scans the surface of the specimen by focusing the electron beams over it and 

reveal the information about the microstructure, orientation and surface 

morphology and of the materials [131], [132]. This technique is capable of 

producing the three-dimensional images of the specimen at high resolution 

with higher magnification. The technology also offers the secondary and 

backscattered imaging where Energy dispersive spectroscopy (EDS) detector 

can be used for the analysis of the chemical composition of the material. In 

order to generate the electrons in SEM, the filament of Tungsten (W) or 

Lanthanum hexaboride (LaB6) are used as they exhibit low vapor pressure and 

high melting point as compared to other metals. However, in case of Field 

Emission Scanning Electron Microscope (FE-SEM), high voltage is applied 

between the cathode and anode plate which results in generation of high 

electric field at the tip of emitter (tungsten) which results in the emission of 

electron using the field emission due to tunneling effect. The technology of 

FESEM is able to produce the image of specimen at higher resolution (~ 2 nm) 

which is multiple times better than the conventional SEM results. The work 

function of the element (tungsten) is generally affected by the absorbed gases 

therefore, a high vacuum is required to scan the surface using FE-SEM. 

Additionally, the low pressure inside the chamber benefits in reducing the 

scattering of electron and maintains the required mean free path for the better 

imaging. A schematic diagram of field emission electron microscopy 

displayed in figure 2.8.  

The electron beams (having energy ~ few hundred eV to 50 keV) is released 

from the sharp filament of single crystal tungsten attached in the emission 

electron gun as a result of strong electric field. The sharp tip of the filament 

allows to emit the a very focused beam of electrons (primary beam of 

electrons) using field emission. The electron beam passes through the series of 

lenses in a controlled manner and are focused across the surface of the 

specimen to be characterized. The scan coils within the objective lens creates 

the magnetic field because of the variation in the voltage formed by the scan 
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generator. The produced magnetic field deflects the electron beam in a point-

by-point manner of scanning over the specimen called as a raster scan. As a 

result of interaction of the beam of electrons with the sample, various signals 

including secondary and backscattered electrons, diffracted backscattered 

electrons, photons, and visible lights with generation of heat is produced. The 

secondary electrons are detected to obtain and analyze the surface structure 

and morphology of the specimen whereas the backscattered electrons are used 

to define the composition in contrast. The orientation of the structure can be 

studied by the use of diffracted backscattered electron. 

 

Figure 2.8: Schematic diagram of Scanning electron microscopy 

It is recommended that the specimen used in FE-SEM for studying its 

microstructure and morphology should be conductive in nature. In case of 

nonconductive surfaces, the charge is accumulated on the surface of the 

specimen which further distorts the beam of electrons making it difficult to 

obtain better results. The non conducting specimen are generally prepared 
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before analyzing through FE-SEM. A thin layer of conducting surface either 

of gold or carbon is deposited over the insulating sample before the test. The 

advantage of the conducting surface is that it helps in emitting the significant 

amount of secondary and backscattered electrons. The FE-SEM (Nova 

NanoSEM 450, FEI) setup used in thin study has been shown in figure 2.9. 

 

Figure 2.9: Field emission scanning electron microscopy used in present work 

The energy dispersive spectroscopy (EDS) was attached to the FE-SEM setup 

which was used to study the composition of the material [133]–[135]. The 

EDS detector attached in the setup detects the X-rays which are emitted from 

the specimen as a result of bombarding with the beam of primary electrons. 

The results are generated in the form of spectra where the peaks show the 

energy levels of the element. The peaks showing the energy levels are unique 

for the individual element of the periodic table. The disparity in the intensity 

of the peak demonstrates the concentration of the particular element in the 

specimen. 

2.2.3 Atomic force microscopy 

Atomic force microscopy is an imaging technique that helps in studying the 

surface properties of the specimen in terms of surface morphology along with 

the mechanical properties [136]–[138]. This technique is capable of producing 
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three dimensional images of high resolution (~ 0.01 nm) without using the 

electromagnetic radiations, beam of electrons or high vacuum chambers. 

Moreover, this technique is used in open air environment either at ambient 

temperature or high temperatures. The process of atomic force microscopy 

involves the consideration of Vander walls force, electrostatic forces and 

constant forces acting between the specimen and the tip of the cantilever probe 

of AFM setup. Figure 2.10 shows the schematic diagram of AFM.  

 
Figure 2.10: Schematic diagram of atomic force microscopy (a) operation of 

AFM (b) Contact mode AFM (c) Tapping mode AFM (d) non-contact mode 

AFM 

 

The setup of AFM consists of the sample stand, the cantilever with sharp tip 

probe, photo probe and a detector. The radius of the tip of the probe is in few 

nanometers which is made up of silicon or silicon nitride. The basis working 

of the AFM involves the approaching of the tip of the probe to the surface of 

the sample at its atomic level interactions followed by the focusing of the laser 

at the tip of the probe. Photo detector detects the beam reflected from the 

surface of the sample. When the probe is brought over the surface of the 

specimen, it bends or twist because of the acting forces between the specimen 

and the probe which further varies the ratio of the reflected laser beam 

detected by the photodetector. The change in the intensity of the reflected 

beam recorded over the photodetector is converted into the respective voltage 

which behaves as a feedback signal and helps in maintaining the persistent 

height or constant force over the specimen. The feedback signal is 
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continuously monitored by the feedback loop that adjusts the height of the 

cantilever tip over the specimen by comparing to the user defined set values. 

In order to obtain the constant and stable operation, the gap between the 

surface and the probe tip is kept constant (minimum) by either mounting the 

specimen or probe at a piezoelectric element which constantly maintains the 

height and force in Z direction. The cantilever probe is then moved in X-Y 

direction in raster pattern to scan the desired area of the specimen which as a 

result gives the surface topography and amplitude of the asperities on the 

specimen with high resolution. In order to scan the surface of the specimen the 

cantilever probe of the AFM can be moved in either of the three modes 

namely, contact mode, non-contact mode or tapping mode. 

The principle behind the contact mode of scanning is that the cantilever tip is 

brought in contact with the surface of the specimen where the force and 

deflection are maintained constantly. When the cantilever probe scans the 

surface in X-Y direction, then the force is maintained by the deflection of the 

probe which is further used to generate the data of surface topography. In case 

of non-contact mode of scanning, the cantilever probe is not is physical 

contact with the surface of the specimen. However, the probe is kept at a 

distance of few angstroms above the surface of the specimen to be scanned. In 

this instance, the tip of the probe vibrates over the specimen at the frequency 

close to the resonance frequency. As prove approaches towards the surface of 

the specimen, the amplitude of vibration changes because of the existence of 

interaction forces at the surface. This variation in the oscillation is used to 

generate the surface topography of the material. In case of tapping mode of 

scanning using AFM, the probe of the cantilever intermittently taps the surface 

to be scanned. It is a combination of both contact and non-contact modes of 

scanning. In this process, the cantilever probe of the setup oscillates near the 

resonance frequency while coming near to the surface of the specimen using 

piezoelectric crystal. During each cycle of oscillation, the probe of the 

cantilever approaches the surface and lifts back again resulting in variation of 

amplitude and phase. The change is the oscillation during tapping are carefully 

monitored to evaluate the height and force between the surface and tip and the 
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feedback voltage generated against it are converted into surface imaging. 

Figure 2.11 shows the actual atomic force microscope used during this work. 

The test was performed at ambient temperature in contact mode of scanning. 

 
Figure 2.11: Atomic force microscopy with contact mode of scanning 

 

2.2.4 Contact angle measurements 

The contact angle measurements are performed to analyze the wettability of a 

surface using different liquids and vapor. The measurement can be done either 

in static conditions or dynamic conditions depending upon the requirement of 

the surface to be tested. Figure 2.12 reflects the schematic illustration of the 

drop shape analyzer to measure the contact angle between the surface and 

liquid [139], [140]. The setup consists of a backlight camera, the light source, 

the sample stage, the dispensing unit and the software installed in the 

computer. The measurement of the contact angle is important to predict the 

hydrophobic or hydrophilic property of the specimen whereas it is also 

employed to measure the surface energy of the specimen. The basic working 

of the drop shape analyzer (DSA) is started with dropping a small amount of 

liquid (let us say water) over the surface in a controlled way using dispensing 
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source. When the liquid falls on the surface of the material, it creates a contact 

line between the water droplet and the surface of the specimen. the light is 

allowed to fall in a horizontal direction passing through the water droplet 

whereas the shape of the water on the surface of the specimen is captured by 

the camera installed in the setup at the opposite side of the light source. The 

profile of the water droplet is measured by the software installed in the 

computer which calculates the angle between the water droplet and the surface 

of the specimen in both the left and right direction. The experiment is repeated 

for several times and the average values of contact angle obtained from the 

repeated experiments are evaluated to understand the hydrophilic and 

hydrophobic property of the surface. In general, the angle obtained below 100° 

shows the hydrophilic nature of the material and the angle above the 100° 

shows the hydrophobic nature. Moreover, the angle above the 150° is 

explained in terms of superhydrophobic nature of the surface.  

 

Figure 2.12: Schematic diagram of drop shape analyzer 

The contact angle (Ө) measurements of a surface quantify the results using the 

Young’s equation [141]–[143]. According to the Young’s theory, the contact 

angle measurement shows an equilibrium with the given system of Vapor 

liquid and solid at a specific pressure and temperature. However, a hysteresis 

in contact angle is observed in range of maximum to minimum contact angle 

in practical situations. Thermodynamically, the equilibrium state is described 

considering the three phases of solid (S) liquid (L) and vapor (G) phases. The 

Young’s equation used to define the equilibrium of contact angle using the 

three phases is shown in equation 2.7. 
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𝛾𝑆𝐺 − 𝛾𝑆𝐿 − 𝛾𝐿𝐺 cos 𝜃𝑐 = 0   Equation 2.7 

Where, γSG is solid vapor interfacial energy, γSL is solid liquid interfacial 

energy γLG is liquid vapor interfacial energy and ӨC is contact angle. Figure 

2.13 shows the drop shape analyzer used to measure the contact angle between 

the deposited film and distilled water. The test was conducted at ambient 

temperature and pressure in static state conditions. 

 
Figure 2.13: Water drop shape analyzer used to measure the contact angle at 

static state 

2.2.5 Nano indentation technique 

Nanoindentation is a characterization technique which is used to investigate 

the mechanical properties of the materials at nano level. The major 

requirement of nanoindentation is the preparation of the specimen with better 

surface roughness. The test can be performed either at ambient temperature or 

the high temperature. The sample is indented linearly with a tip of indenter at 

a particular known force and held for a specific time (dwell time) and then 

drawn back linearly. During this process a curve between the applied load and 

displacement of penetration is recorded which is further evaluated to analyze 

the mechanical properties of the specimen [144], [145]. In case of the material 
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where a thin film is deposited over the substrate, it is recommended not to 

penetrate beyond the 1/10th of the total thickness of the deposited coating to 

evade the so-called substrate effect. The results of nanoindentation can be used 

to study the mechanical properties of the material like hardness, Young’s 

modulus, adhesion etc. This technique is also used to measure the wear 

properties which explains the ductile and brittle behavior of the wide range of 

specimen including metals, polymers and ceramics. In this study nano indenter 

(Hysitron) used to evaluate the hardness, Young’s modulus and adhesion of 

the coatings over the surface is shown in figure 2.14.  

 
Figure 2.14: Nanoindentation setup used to evaluate the mechanical 

properties of the deposited films 

 

The setup consists of the two major components namely the indenter and the 

microscope. The microscope is used to analyze the surface before and after the 

test. The surface to be indented is determined by looking into the microscope 

and then indentation is made. The dimension of the indent is analyzed by 
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looking into the microscope after the test. In case of smaller dimension of the 

imprint of indentation, the atomic force microscope attached in the setup is 

used to see and measure the dimensions. Overall, the process of 

nanoindentation consists of finalizing the area to be indented followed by 

indenting the surface with pyramid shaped diamond Berkovich tip and finally 

analyzing the imprints of indents using optical or atomic force microscope. 

The test is generally performed in two modes namely depth control 

nanoindentation and load control nanoindentation. In case of depth control 

process over a substrate of thin film, a depth less than or equivalent to 1/10th 

of the total thickness of the coating is penetrated using the Berkovich tip and a 

corresponding depth versus load graph is plotted and analyzed to measure the 

properties whereas in case of load control process, a gradual increasing load is 

applied by the indenter over the surface till it reached the maximum desired 

load resulting in a depth versus load graph. 

2.2.5.1 Hardness and Young’s modulus 

Hardness (H) of a material is a surface property which is defined as its ability 

to resist the local permanent deformation against the local forces applied on 

the specimen due to indentation scratch or wear etc. whereas the Young’s 

modulus is defined as the ability of a material to resist the local stretching or 

compression. Nanoindentation performed in either of the load control or depth 

control process reveals the mechanical properties of the specimen. In order to 

calculate these properties of the material, it is recommended to perform 

several indentations at different spots of the material and the average value 

should be considered as the actual value of modulus and hardness. The 

calculation of the modulus and hardness using nanoindentation is explained by 

the Oliver and Pharr technique [144], [146]. The two major components used 

to evaluate the modulus and hardness of the specimen are the applied load and 

the depth of penetration. In case of thin film, the stiffness is calculated using 

unloading curve (slope of the curve) of the nanoindentation which is related to 

the geometry of the indenter and the elastic modulus. The modulus of 

elasticity of the material can be evaluated using equation 2.8. Simultaneously, 

the hardness of the film is calculated using equation 2.9. 
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𝐸 = (1 − 𝑣2) × (
𝑆

𝐴
)       Equation 2.8 

Where, E denotes the elastic modulus of the film, υ is the poisons ratio, S 

denotes contact stiffness (calculated from the slope of the unloading curve), A 

is the area of indentation.  

𝐻 =
𝑃𝑚𝑎𝑥

𝐴𝑐
     Equation 2.9 

Where, H is the hardness of the film, Pmax is the maximum applied load and Ac 

denotes the area of contact. 

2.2.5.2 Adhesion between film and substrate 

The adhesion between the coating and substrate defines the strength through 

which the deposited film is bonded with the substrate material. Adhesion 

strength of the coating with the substrate can be calculated using the 

nanoindentation method. In order to investigate the adhesion strength of the 

material (thin film), a scratch test is performed using the Berkovich tip of nano 

indenter. A constant or progressive normal load is applied to indent the film 

whereas a lateral displacement is made to make a scratch over the surface of 

the desired length. Simultaneously, lateral displacement, the lateral and normal 

force increases continuously which reaches a critical point where the film is 

delaminated. The maximum load at which the film delaminates is called the 

critical load [147]–[149]. The adhesive strength of the coating is calculated 

using equation 2.10. 

𝜎 =
𝑃𝑐

𝐴
      Equation 2.10 

Where, σ denotes adhesion strength of the film, Pc shows maximum critical 

load of delamination and A is the contact area 

2.2.6 Oxidation resistance test 

Oxidation is a process of continuous loss of electrons from the parent material. 

It can also be defined as the reaction in which a material reacts with the 

oxygen which leads to a permanent physical or chemical change that further 

deteriorates or corrode the material. Oxidation can occur at ambient or high 
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temperature depending upon the nature of environment of exposure/use. In 

order to prevent the material from oxidation, the technology of thin film 

coatings over the parent material is used which protects the parent material 

from the oxidation attacks in the extreme situations [150], [151]. The 

advantage of using thin film coating over the specimen is that the deposited 

coating behaves as a blockade between the environmental conditions and the 

parent material which minimizes the interaction of oxygen to the substrate 

(parent material). However, the selection of the adherent coating with 

oxidation resistant property is critical. Moreover, the microstructure, 

thickness, adhesion strength, thermal stability, and chemical stability of the 

coating material plays a vital role in protecting the parent material from being 

oxidized at ambient and high temperature. However, the rate of oxidation at 

elevated temperature is very high as compared to the room temperature [152], 

[153]. In this study, the oxidation resistant properties of the deposited films 

over the Ni superalloy (Inconel-718) have been studied at high temperatures of 

900℃, 1000℃ and 1100℃. For the purpose, Split furnace (City Instruments, 

India) has been used for heating the deposited film over the superalloy in open 

air environment followed by cooling at room temperatures. The mass change 

of the cooled samples was further measured using weighing balance 

(Sartorius) at ambient temperature.  Figure 2.15 shows the split furnace and 

weighing balance used in the experiment. 

 

Figure 2.15: Required setup for the oxidation test (a) front view of split 

furnace (b) side view of split furnace (c) Weighing balance 
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The steps of the high temperature oxidation test have been mentioned below: 

1. The bare sample, and the coated samples were placed in a ceramic boat 

and kept in the split furnace at temperatures of 900℃, 1000℃ and 1100℃ 

separately. 

2. The samples were heated at the specific temperature for 1 hour and then 

cooled in air for 30 minutes. 

3. The weight of the cooled samples was measured using the weighing 

balance at room temperature and then they were again exposed to the high 

temperature following the step 1. 

4. The above three steps were repeated 30 times to complete 30 cycles of 

oxidation test. 

5. The oxidation-kinetics were calculated using the logarithmic and parabolic 

law of oxidation. 

6. The change in phase and the evolution of the microstructure and surface 

topography before and after the oxidation test was compared and analyzed. 
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3.1  DC MAGNETRON SPUTTERED Ni3Al ALLOY FILMS AT 

DIFFERENT SUBSTRATE TEMPERATURES 

In this chapter, the microstructural and mechanical properties of Ni3Al alloy 

films have been studied. These films have been deposited via DC-Magnetron 

sputtering at different substrate temperatures to understand the effect of 

substrate temperature on the microstructure and mechanical properties of the 

films. The identification of phase, the evolution of microstructure, surface 

properties and topography, the elemental composition of the film, contact 

angle measurements, and mechanical properties of the deposited films have 

been characterized using XRD, FE-SEM, AFM, EDS, DSA, and 

nanoindentation respectively at room temperature. 

3.1.1 INTRODUCTION 

Hard and super-hard coatings have been in demand in the automobile, 

aerospace and marine industries for the last two decades [154]–[156]. In order 

to fulfill the requirement in terms of mechanical and tribological properties 

several metal-based coatings were developed by researchers using CVD and 

PVD methods [157]–[159]. Different types of single-layer and multilayer 

coatings of transition metal nitrides and carbides like CrN, TiN, TiC, SiN, SiC, 

WN, WC, VN, etc. were deposited [156], [160]–[163]. These coatings were 

deposited in the form of binary and ternary alloys also [156], [164]–[166]. 

However, these coatings were able to meet the demand of machining 

industries in terms of required mechanical and tribological properties along 

with corrosion and oxidation resistance properties, but they lack in 

performance and durability when exposed to a high-temperature environment 

of ~900 - 1100℃ [167], [168]. In order to maintain the thermal stability and 

performance of transition metal-based coatings, several researchers have 

doped transition metal coatings with Nickel, zirconium and titanium 

superalloys [158], [169], [170]. The evolution of Nickel-based alloy coatings 

came into existence when synthesizing materials for high-temperature 

structural applications was a challenge. These coatings are capable of 

protecting the material even at elevated temperatures of ~900 - 1000℃. 

Additionally, they enhance the life of the parent material by maintaining 
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microstructural and thermal stability without losing a lot in the properties [86], 

[91], [171]. In particular, Nickel aluminides like NiAl and Ni3Al have shown 

excellent thermal stability with resistance to creep and fatigue, enhanced 

mechanical and tribological properties and excellent corrosion and oxidation 

resistance properties [76], [89], [98], [103]. These properties of Ni3Al-based 

coatings make them a suitable candidate for application in semiconductor, 

automobile, aerospace, marine and nuclear industries [172]–[174]. Ni3Al-

based coatings are face-centered intermetallic compounds having lattice 

constant of 0.3570 nm. These coatings with L12 structure are generally hard 

and brittle as compared to disordered Ni3Al FCC structure [94], [175]. 

It has been reported that the properties of Ni3Al-based coatings are majorly 

influenced by their microstructure and chemical compositions [98]. In order to 

achieve better properties, several researchers have altered the processing 

parameters as well as used different dopants in the Ni3Al matrix. Moreover, 

the Ni3Al films have been deposited in the form of single-layer and multilayer 

with the incorporation of different dopants [97], [103], [176]. Zhang et al.,[89] 

deposited tungsten (W) doped Ni3Al films on Si substrate at ambient 

temperature using magnetron sputtering. The coatings were further heat 

treated (annealed) at 500℃ and 700℃. They found that the film doped with 

12.5at% W in Ni3Al film resulted in grain refinement and thus enhanced the 

hardness by 355% when annealed at 700℃. While depositing the films via 

Magnetron sputtering, several researchers have altered the influencing 

sputtering parameters like sputtering pressure, film thickness, gas flow rate 

(sccm) and substrate temperature. Meng et al.,[94] fabricated pure Ni, alloy 

Ni3Al and Ni/Ni3Al multilayer films via magnetron sputtering at a substrate 

temperature of 400℃. They found that pure Ni and alloy Ni3Al single-layer 

coatings showed a hardness of 3.5 GPa and 5 GPa respectively while the 

multilayer of Ni/Ni3Al showed enhanced hardness as compared to pure Ni and 

alloy Ni3Al films. They also claimed that the hardness value of Ni/Ni3Al films 

increased as a result of the increase in indentation depth because of the so-

called substrate effect. Xu et al.,[91] studied the effect of Ni3Al in Ni/Ni3Al 

multilayer when deposited at ambient temperature using magnetron sputtering. 

They found that the films were synthesized in a sandwich structure where 
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layers of Ni and Ni3Al showed FCC and L12 structure respectively. They also 

found the multilayers of Ni and Ni3Al showed strong and coherent bonds as a 

lattice mismatch of 1.3% was observed when Ni3Al was deposited on the Ni 

layer and Ni on Ni3Al layer. Moreover, they found that the hardness of the 

multilayered coatings enhanced because the Ni3Al layer is hard as compared 

to the Ni layer in the intermetallic state. Xing et al.,[86] studied the effect of 

introducing the Cr layer on mechanical and oxidation resistance properties of 

Cr/Ni3Al multilayer coatings deposited via magnetron sputtering. To compare 

the results, a single layer of Cr/Ni3Al alloy films was also synthesized at the 

same sputtering parameters. Both the films were deposited over NO6625 at a 

substrate temperature of 400℃. They found that with incorporation of Cr in 

Ni3Al matrix, the hardness increased whereas the Young’s modulus decreased. 

They claimed that the multilayer Cr/Ni3Al films showed better mechanical 

properties as compared to single-layered film. However, results revealed that 

both the films were thermally stable and were capable of protecting the 

substrate from being drastically oxidized even at an elevated temperature of 

1100℃. Several studies have been made by researchers on the fabrication of 

Ni3Al based thin films for studying their properties at ambient and high 

temperatures [177]–[180]. To attain the required properties, sputtering 

parameters as well as several dopants have been incorporated in alloy and 

multilayer forms. However, very limited literature has been reported about the 

effect of substrate temperature on the microstructural stability and properties 

of the alloy Ni3Al films. This work presents the effect of substrate temperature 

on microstructural and mechanical properties of alloy Ni3Al films deposited 

by DC magnetron sputtering.  

3.1.2 EXPERIMENTAL DETAILS 

3.1.2.1 Synthesis of Ni3Al alloy films 

Ni3Al alloy films were deposited on Silicon (100) using DC magnetron 

sputtering. A custom-built steel vacuum chamber of 14” diameter (Excel 

Instruments, Mumbai) equipped with 3 sputtering guns was used for the 

deposition. Ni3Al films in alloy form were deposited at different substrate 

temperatures namely: Room temperature (RT), 200℃, 400℃ and 600℃. In 



CHAPTER 3: Ni3Al films deposited at different substrate temperatures 

52 
 

order to deposit the film, Ni3Al alloy target (purity 99.95%, Testbourne Ltd, 

UK) of 5 mm thickness and 2 inches diameter was used. The target was fixed 

to the DC-powered sputtering gun at a constant distance of 15 cm from the 

substrates. In order to ensure the homogeneous thickness of the film 

throughout the substrate, the holder given a speed of 15 rotations per minute. 

Prior to deposition, the substrates were first cleaned with acetone and air dried 

whereas, base pressure of 3x10-6 mbar was achieved after evacuating the 

chamber. In order to sputter and deposit Ni3Al alloy films, argon gas of 

99.999% purity (30 sccm using MFC) was inserted in the vacuum chamber 

and the sputtering pressure of 3x10-2 mbar mbar was maintained and prudently 

monitored throughout the deposition. A pre-sputtering of 10 minutes was 

performed to clean the surface of the target whereas the actual deposition was 

carried out for 60 minutes. All the sputtering parameters other than the 

substrate temperature were kept constant throughout the set of experiments. 

The parameters of deposition have been mentioned in table 3.1. 

Table 3.1: Sputtering parameters for depositing Ni3Al alloy films 

Targets Ni3Al  

Substrates Silicon (100) 

Base pressure 3 x 10-6 mbar 

Sputtering gas Argon (30 sccm) 

Sputtering pressure 3 x 10-2 mbar 

Sputtering power 250 W DC 

Substrate temperature RT, 200℃, 400℃ & 600℃ 

Deposition time 60 minutes 

 

3.1.2.2 Characterization details 

X-ray diffraction studies were performed on Bruker D8 ADVANCE ECO 

(CuKα=1.54Å) at ambient temperature to identify the phases formed in the 

films. Field emission scanning electron microscopy (FE-SEM, Zeiss Gemini) 

equipped with energy dispersive spectroscopy (EDS) was used to characterize 

the microstructure and chemical composition of the films. In order to study the 
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surface topography and to evaluate the surface properties of the deposited 

films, an atomic force microscope (Naio AFM, Nanosurf, Switzerland) was 

used at room temperature. The assessment of the coating’s wettability in terms 

of contact angle measurements was conducted using a Drop shape analyzer 

(DSA 100, Krǜss GmbH, Germany) in static conditions. In order to evaluate 

and calculate the contact angles between water and the surface of synthesized 

films, 0.5 µl of water droplets were dropped at ten different places on the 

surface of the coated substrate and the nearer value to the average was 

considered. The profile of the water droplet and the contact angle between the 

water droplets and surface were measured and calculated with the help of a 

backlight and the camera installed in the instrument. A load control 

nanoindentation (XP, Agilent, USA) test was performed on Ni3Al coatings 

synthesized at different substrate temperatures to evaluate their mechanical 

properties. Before nanoindentation, tip and microscopic calibration were done 

to confirm the proper positioning and contact area of the tip to the deposited 

surface. To perform the nanoindentation for calculating the modulus and 

hardness of the alloy coating, a poisons ratio of 0.25 was considered at a strain 

rate of 0.05s-1 whereas the frequency of 45 Hz was set constant all over the 

test at the harmonic displacement of 2 nm. The average load of 9.5 mN was 

applied to examine the mechanical properties of all the synthesized films. 

Mechanical properties in terms of modulus and hardness were calculated using 

the inbuilt software in the system based on Oliver and Pharr method. 

3.1.3 RESULTS AND DISCUSSION 

Figure 3.1 shows the XRD spectra of Ni3Al films deposited at different 

substrate temperatures. Two major diffraction peaks were observed at 44.13° 

and 51.3°. These peaks correspond to (111) and (200) planes of orders L12 

face-centered cubic structure respectively. From the figure, it is observed that 

the intensity of both the major peaks (44.13° and 51.3°) increased with 

increase in substrate temperature up to 400℃. On further increase in substrate 

temperature to 600℃, the intensities of Ni3Al (111) decreased whereas the 

Ni3Al (200) peak disappeared. This could be the result of the decline in the 

preferred orientation and crystallinity of the deposited film. Moreover, the 



CHAPTER 3: Ni3Al films deposited at different substrate temperatures 

54 
 

diffraction peak at 51.3° disappears when the substrate temperature is 

increased up to 600℃ and there is the evolution of a new diffraction peak at 

38° which corresponds to the Al (111) plane. Coherently diffracting crystallite 

size (dXRD) was calculated using the Scherrer equation (equation 3.1) from the 

integral width of diffraction lines after correction of instrumental branding and 

background subtraction as mentioned in table 3.2. 

𝑑 = 0.9λ/β𝑐𝑜𝑠θ   (3.1) 

Where d denotes crystallite size, λ denotes X-ray wavelength (1.54Å), β 

denotes full width at half maxima (FWHM) of most dominant XRD peak, and 

θ is Bragg’s angle. 

 

Figure 3.1: XRD spectra of Ni3Al films deposited at different substrate 

temperatures 

From the results, it is observed that the crystallite size of Ni3Al films increases 

with increase in the substrate temperature. This is because of the higher kinetic 

energy of the atoms at high temperatures that promotes the atomic diffusion 
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resulting in the growth of crystallites. The minimum and maximum crystallite 

size of 13.16 ± 0.60 nm and 28.88 ± 1.50 nm have been calculated for film 

deposited at RT and 600℃ respectively. 

The elemental composition of the deposited films has been characterized using 

Energy dispersive spectroscopy (EDS) as shown in figure 3.2. It can be seen 

that, the atomic percentage of Ni and Al in Ni3Al films synthesized at different 

substrate temperatures is almost in the ratio of 75:25 (table 3.2).  

 

Figure 3.2: EDS results of Ni3Al films deposited at different substrate 

temperatures (a) RT (b) 200℃ (c) 400℃ (d) 600℃ 

 

Table 3.2: Calculated parameters of Ni3Al films deposited at different 

substrate temperatures 

S

N 

Sample’s 

name 

Substrate 

temperature 

(℃) 

EDS 

results 

(at%) 

Surface 

roughness 

(nm) 

Crystallite 

Size (nm) 

Grain 

size 

(nm) 

Porosity 

(%) 

 Al Ni 

1 RT RT 74.

16 

25.

84 

4.61 ± 0.5 13.16 ± 

0.60 

89.5 ± 

1.0 

11.71 ± 

1.0 

2 200℃ 200 74.

61 

25.

39 

6.44 ± 0.6 14.21 ± 

0.80 

88.7 ± 

1.0 

13.50 ± 

1.0 

3 400℃ 400 75.

23 

24.

77 

7.30 ± 0.5 18.27 ± 

1.00 

82.6 ± 

1.0 

10.00 ± 

0.5 

4 600℃ 600 74.

83 

25.

17 

14.64 ± 0.8 28.88 ± 

1.50 

73.0 ± 

1.0 

21.06 ± 

1.5 
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Figure 3.3 shows the microstructure of the coatings synthesized at different 

substrate temperatures. It is observed that the film deposited at room 

temperature exhibits a closely packed microstructure. However, the presence 

of agglomerated and overlapped grains is clearly visible. With increase in 

substrate temperature, the grain size of the coating reduced with the evolution 

of pores. The Ni3Al coating synthesized at substrate temperature of 400℃ 

showed the formation of equisized grains resulting in the formation of 

homogeneous microstructure with less percentage of pores. Furthermore, the 

coating synthesized at 600℃ reflected an inhomogeneous distribution of 

grains with degraded microstructure resulting in the highest percentage of 

porosity.  

 

Figure 3.3: SEM images of Ni3Al films deposited at different temperatures (a) 

RT (b) 200℃ (c) 400℃ (d) 600℃ 

 

Image J software was used to calculate the grain size and percentage of 

porosity in the film from FESEM images. A unit area of 1 x 1 µm was selected 

to perform the test. The average value of grain size and percentage porosity 

was calculated by performing the test at 10 different places of FESEM images. 

The results of the test confirmed that the maximum and minimum grain size of 

89.5 ± 1.0 nm and 73 ± 1.0 nm were shown by the coating deposited at RT and 
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600℃ respectively. Moreover, the film deposited at 400℃ showed the 

minimum percentage of pores (10 ± 0.5) while the maximum percentage of 

pores (21.06 ± 1.5) is shown by the film deposited at 600℃ (figure 3.4). The 

results of the grain size and percentage of pores in Ni3Al coatings synthesized 

at different substrate temperatures have been indexed in table 3.2. 

 

Figure 3.4: Porosity in Ni3Al films deposited at different substrate 

temperatures 

 

Atomic force microscope was used to study and evaluate the surface 

morphology and surface roughness of the deposited coatings. The cantilever 

probe of AFM scanned the area of 12.5 x 12.5 µm to reveal the structure and 

arrangement of nano asperities whereas the average value of the surface 

roughness was obtained using the inbuilt software in the setup by scanning the 

surface in the area of 50 x 50 µm2 at ten different places of the deposited 

films. Figure 3.5 and figure 3.6 display the 2D and 3D AFM images of the 

Ni3Al coatings synthesized at various substrate temperatures. 
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Figure 3.5: 2D AFM image of Ni3Al films deposited at different substrate 

temperatures (a) RT (b) 200℃ (c) 400℃ (d) 600℃ 

 

The 2D images of Ni3Al films synthesized at RT and 200℃ showed a 

triangular structure which overlapped each other resulting in the formation of 

hills and valley of less height and depth respectively. However, the formation 

of globular and spheroidal structures is observed when the film is deposited at 

400℃. The higher number of spheroidal domes-like structure is the evidence 

of the formation of sharp closely packed sharp asperities. Furthermore, the 

alloy film deposited at 600℃ has shown the triangular dent-like structure 

forming the hills and valleys of maximum heights and depth. From the 3D 

AFM images, it is seen that all the deposited films possess dome-like hilly 

structures. However, it is found that, the coating synthesized at RT and 200℃ 

have evenly distributed dome-like wide structures as compared to the film 
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deposited at 400℃ and 600℃. Very sharp hill-like structures can be seen in 

the film deposited at 400℃. It can be seen that the height of the asperities 

(dome-like structure) increases with increase in the substrate temperature. This 

results in increase in surface roughness of the film. However, the total number 

of asperities are less in the coating deposited at 600℃ but the size of height, 

width and depth of the hills and valleys are greater as compared to the rest of 

the films resulting higher surface roughness. The results of roughness of the 

coatings synthesized at various substrate temperature have been mentioned in 

table 3.2.  

 

Figure 3.6: 3D AFM image of Ni3Al films deposited at different substrate 

temperatures (a) RT (b) 200℃ (c) 400℃ (d) 600℃ 

The wettability of Ni3Al alloy films deposited at different substrate 

temperatures has been studied and investigated in terms of contact angle 

measurements as shown in figure 3.7. From the figure, From the figure, it is 

observed that there is no substantial variation in water contact angles when the 
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coatings were deposited at RT, 200℃ and 400℃. The higher contact angles of 

the films deposited at RT and 200℃ is due to the existence of nano asperities 

in the film which helps in trapping the air inside them and reduces the solid-

liquid interaction of water droplets and deposited coating. The surface 

topography of the coating deposited at substrate temperature of 400℃ 

possesses hill like sharp nano asperities which are not capable of trapping 

much air as compared to the films deposited at RT and 200℃. This results in 

slight decrease in water contact angle of the film as compared to that of RT 

and 200℃. However, the value of the contact angle falls suddenly when the 

coating is synthesized at substrate temperature of 600℃. This could be the 

result of the non-homogeneous surface roughness of the film as a result of the 

generation of porosity as shown in the FESEM image. 

 

Figure 3.7: Contact angles of the films deposited at different substrate 

temperatures (a) RT (b) 200℃ (c) 400℃ (d) 600℃ 

To evaluate the modulus and hardness of the coating, a load control 

nanoindentation (1/10th of the thickness of the film) was performed at room 

temperature. An average load of ~9.5 mN was applied during the test. The 
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load versus displacement curve has been plotted in figure 3.8. From the figure 

it can be observed that all the synthesized coatings undergo both elastic and 

plastic deformation during the loading of nanoindentation whereas only elastic 

deformation is observed during the unloading period. It can also be seen that 

the coating synthesized at room temperature and 200℃ shows the similar 

trend during loading and unloading resulting in almost the same values of 

mechanical properties whereas the film deposited at 400℃ shows less 

plasticity during loading and unloading as compared to the other deposited 

films at lower substrate temperatures. This implies that the film deposited at 

400℃ is comparatively harder than the former two films. Nanoindentation 

performed on the film deposited at 600℃ revealed that the film gets softened 

resulting in more deformation as compared to other films and thus decreased 

hardness. This could be the result of the presence of the highest percentage of 

pores in the film.  

 

Figure 3.8: Load versus displacement curve of Ni3Al film deposited at 

different substrate temperatures 
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The results of hardness and Young’s modulus calculated as a result of 

nanoindentation have been shown in figure 3.9. From the figure, it can be 

observed that the hardness of alloy Ni3Al films enhances with increase in the 

substrate temperature up to 400℃ beyond which it declined. The results of 

Young’s modulus have followed almost the same trend as that of hardness. 

 

Figure 3.9: Variation in hardness and Young’s modulus as a function of 

substrate temperature 

 

The reports in literature shows that the properties of the Ni3Al films are 

influenced by the parameters like chemical composition, microstructure, grain 

size, surface morphology and topography, sputtering pressure and post-

deposition treatments [93], [177].  

Some of the research groups have also deliberated the impact of substrate 

temperature on the properties of Ni3Al coatings. Rajarshi Banerjee [97] 

synthesized Ni3Al films on silicon substrates at two substrate temperature of 

400℃ and ambient temperature using magnetron sputtering. He found that 
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film deposited at elevated temperature showed L12 structure while the film 

deposited at room temperature showed FCC structure. The researcher 

proclaimed that the ordered L12 structure formed in the coating deposited at 

400℃ has led to the enhancement in hardness of the coating when compared 

with the coating deposited at ambient temperature.  

Researchers have also showed that the Ni3Al film sustains its microstructural 

and thermal stability when deposited at elevated substrate temperature. 

However, a decline in lattice constant is also observed as a result of 

enhancement in substrate temperature during deposition [181]–[183].  

In our case, the grain size of the film continuously decreased when the 

deposition was done at higher substrate temperatures. The deposited alloy 

films showed a continuous and subsequent enhancement in the hardness and 

modulus up to the substrate temperature of 400℃ following the classical Hall-

Petch relationship. Moreover, the formation of chemically ordered L12 FCC 

structure (Figure 3.1) contributed to enhancing the mechanical properties of 

the coatings. [97]. The Ni3Al coating deposited at substrate temperature of 

600℃ showed the minimum hardness and Young’s modulus of (4.06 ± 0.61) 

GPa and (74.76 ± 9.63) GPa respectively. The reason for this could be the 

formation of high percentage of pores in the film. The maximum and 

minimum hardness of (12.8 ± 0.8) GPa and (4.06 ± 0.61) GPa have been 

achieved for the film deposited at 400℃ and 600℃ respectively.  

The evolution of modulus epitomizes almost the same drift as represented by 

nano hardness. The highest modulus of (205 ± 15) GPa and lowest modulus of 

(74.76 ± 9.63) GPa have been achieved for the film deposited at 400℃ and 

600℃ respectively. Furthermore, the drop in intensity of Ni3Al phase and the 

appearance of Al (111) as shown in figure 3.1 is evident that the preferred 

orientation of Ni3Al in the film is influenced by the evolution of the Al (111) 

phase which resulted in diminishing the mechanical properties of the coating. 

The obtained value of hardness (12 ± 2.8) is greater than the values achieved 

and reported so far in the literature for alloy Ni3Al films where indentation is 

made up to 1/10th of the film thickness. 
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3.1.4 CONCLUSION 

Ni3Al coatings were synthesized on Silicon substrate via DC magnetron 

sputtering at various substrate temperatures. From XRD spectra, it is found 

that all the films possessed the preferred orientation of (111) whereas a broad 

peak of Al (111) is perceived when the coating is deposited at 600℃. It was 

investigated that, the crystallite size of the coating increased whereas the grain 

size decreased simultaneously with increase in deposition temperature. 

Moreover, the increase in the percentage of pores is also observed due to the 

rise in the substrate temperature. This resulted in enhancing the surface 

roughness of the coating. Maximum porosity (21.06 ± 1.5 %) and surface 

roughness (14.64 ± 0.80) have been calculated for the film deposited at 600℃. 

The investigation of water contact angle measurements revealed that the film 

deposited at 200℃ showed the maximum contact angle of 81°. However, 

there is insignificant variation in values of contact angles when the film is 

deposited at RT, 200℃ and 400℃. The smallest value of water contact angle 

is perceived for the coating synthesized at substrate temperature of 600℃ 

because of the presence of the largest percentage of pores. Ni3Al alloy film 

deposited at 400℃ has shown the maximum value of hardness (12.8 ± 0.8) 

GPa and Young’s modulus (205 ± 15) GPa. 
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4.1 DC MAGNETRON CO-SPUTTERED Ni-RICH Ni3Al FILMS 

In this chapter, the synthesis and characterization of Ni3Al and Ni-rich Ni3Al 

films have been explored in detail. These alloy films have been deposited on 

silicon substrates using DC-Magnetron sputtering and co-sputtering 

respectively at substrate temperatures of 400℃. The effect of Ni enrichment 

on the evolution of phases, microstructure, surface topography, mechanical, 

and hydrophobic properties of Ni-rich Ni3Al alloy films has been studied in 

detail using, XRD, FESEM, AFM, nanoindentation and Drop shape analyzer 

respectively. 

4.1.1 INTRODUCTION 

Nickel-based superalloys and nickel-based intermetallic alloys have been 

broadly researched and used in structural applications at high temperatures 

[89], [184], [185]. They are capable of resisting thermal instability, oxidation 

and hot corrosion properties [101], [177], [179]. Different phases of the Ni-Al 

system while depositing them as a thin film has also resulted in increasing the 

mechanical and tribological properties of these aluminides. Therefore, the Ni-

Al-based thin films have been proven as a better candidate for high-

temperature applications as well as in MEMS and integrated circuits [88], 

[186]–[188]. Over the last few decades, researchers have studied to improve 

their properties by altering the composition of these aluminides as well as by 

using different dopants. These intermetallic alloys are being used in structural 

applications of aerospace, marine, nuclear and defense industries because of 

their excellent tribological properties [98], [189], [190].. To enhance the 

hardness of thin films, different kinds of CVD and PVD methods have been 

used to deposit transition metal nitrides, oxides and carbides. Researchers have 

deposited several transition metal-based thin films with enhanced modulus and 

hardness like, CrN, TiN, Ti-Si-N, WN, TaN, VN etc.[154], [170], [191]–[193] 

These transition metal-based nitrides have shown a hardness of ~25 to 40 GPa 

at room temperature [194]–[197]. However, these coatings were not able to 

perform similarly at elevated temperatures. Along with enhanced mechanical 

properties, Ni-based thin films have resulted in enhancing the corrosion and 

oxidation resistance properties at elevated temperatures of ~900 - 1100℃ [75], 
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[86], [103], [186], [189], [190], [198]. Ni-Al-based coating has shown better 

thermal, and microstructural stability at high temperatures resulting in 

resistance to corrosion, oxidation, creep and fatigue [199]–[202]. Among the 

different aluminides of Ni-Al-based coatings, Ni3Al has resulted better in 

terms of enhancement in mechanical and tribological properties. Ni3Al is a 

polycrystalline intermetallic FCC compound that shows L12 structure which 

continues up to solidus temperature and has a lattice constant of 0.3570 nm.  

Several researchers have deposited Ni3Al thin films in alloy form and 

multilayer forms with the incorporation of different dopants to study their 

properties. It has been reported that Ni3Al is brittle at room temperature but 

the incorporation of Boron in Ni3Al has resulted in an increase in its ductility 

[203]. However, Ni3Al is good oxidation and corrosion-resistant film at high 

temperatures but the addition of Zirconium and hafnium has resulted in a 

further increase in corrosion and oxidation resistance properties along with 

high-temperature strength and creep resistance [198]. Swygenhoven et al.,[92] 

used DC magnetron sputtering to synthesize Ni3Al film in alloy and multilayer 

form on Si substrate. The thickness of alloy Ni3Al was 400 nm while 

multilayers were deposited with an individual thickness of 2.5 nm and 5 nm. 

they performed nanoindentation to investigate the mechanical properties of 

Ni3Al films. They observed that the alloy film showed a hardness of ~13.5 

GPa while multilayer Ni3Al films Ni3Al/Ni (5 nm individual thickness) and 

Ni3Al/Ni (2.5 nm individual thickness) exhibited a hardness of ~12 GPa and 

11.8 GPa respectively. The decrease in hardness of the multilayer Ni3Al films 

was reported as a result of the increased Ni concentration in the film. Tixier et 

al., [87] also deliberated the significance of multilayers coatings on the 

mechanical properties of Ni/Ni3Al thin coatings. They deposited the multilayer 

films on Si substrate at ambient temperature using DC magnetron sputtering. 

The maximum hardness achieved was ~17.5 GPa which is almost 88% greater 

than that of the bulk Ni3Al polycrystalline compound. It has been investigated 

that the hardness of the multilayer films is coherent with the Hall-Petch 

equation for Ʌ > 100Å. With further decrease in Ʌ the grain size of the 

deposited coating reached a limited value which contributed in decreasing the 

hardness of the film. Meng et al., [94] synthesized Ni/Ni3Al coatings on Si 
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substrate using DC magnetron sputtering at substrate temperature of 400℃. 

They fabricated three categories of Ni/Ni3Al films with total number of 

multilayers of 4, 8 and 12. They measured the hardness of the film with 

respect to the variation in indentation depth. They found that the hardness of 

the multilayer films increased with increasing the indentation depth while 

performing nanoindentation. Considering the substrate effect beyond the 

indentation depth of 1/10th of the total coating thickness, they found a 

maximum hardness of ~4.3 to 4.8 GPa. Huang et al., [175] examined the 

effect of long-range ordering on the mechanical properties of Ni3Al films. 

They deposited Ni3Al films on Si substrate using electron beam co-

evaporation of Ni and Al with thicknesses of 170 nm and 300 nm. In order to 

ensure good adhesion between the substrate and Ni3Al films, Chromium (Cr) 

of 12 nm was deposited on the Si substrate. They found that the L12-ordered 

Ni3Al films have shown better hardness as compared to disordered FCC 

structures. It was also found that the film with lesser film thickness (170 nm) 

showed better modulus and hardness as compared to the film of 300 nm 

thickness. They found that the hardness of the coating increases with increase 

in indentation depth because of so called substrate effect as the SiO2 layer on 

the Si substrate is harder than the intermetallic Ni3Al compound film. Many 

researchers have studied the impact of Ni enrichment in Ni3Al films on its 

mechanical and tribological properties. However, they have synthesized Ni3Al 

films in multilayer forms but the synthesis and characterization of Ni-rich 

Ni3Al films in alloy form is still to be explored and understood. This research 

presents the synthesis of Ni3Al and Ni-rich Ni3Al-based alloy thin films and 

the effect of Ni enrichment in the Ni3Al matrix on microstructural and 

mechanical properties.  

4.1.2 EXPERIMENTAL DETAILS 

4.1.2.1 Synthesis of Ni3Al and Ni-rich Ni3Al films 

Ni3Al and Ni-rich Ni3Al alloy coatings were deposited on Silicon (100) 

substrates using DC magnetron sputtering and co-sputtering respectively. The 

films were deposited at the substrate temperature of 400℃ in a customized 

steel vacuum chamber of 14” diameter (Excel Instruments, Mumbai) equipped 
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with three sputtering guns. In order to deposit Ni3Al and Ni-rich Ni3Al alloy 

films, both the Ni3Al target (99.95% purity) and Ni target (99.99% purity) of 5 

mm thickness and 2 inches diameter were used. Prior to deposition, the 

substrates were cleaned using acetone followed by drying in open air. The 

substrates were clamped in rotating substrate holder whereas the sputtering 

guns were placed at 120° apart from each other. During the deposition 

process, the substrate holder was rotated with speed of 15 rotations per minute 

to ensure the homogeneous deposition of the films. The vacuum chamber was 

primarily evacuated to a pressure of 3 x 10-6 mbar to eradicate the 

contaminants from the chamber and chamber walls. Argon gas (99.99% 

purity) was inserted in the vacuum chamber and the sputtering pressure was 

maintained at 3 x 10-2 mbar during deposition. Sputtering targets were pre-

sputtered for 5 minutes in order to remove the contaminants from the surface 

of the targets and the actual deposition was carried out for 60 minutes. In order 

to deposit Ni3Al film, a continuous DC power of 250 W was supplied to the 

Ni3Al alloy target whereas the power to the Ni target was varied as 25 W, 50 

W and 100 W for co-sputtering to deposit Ni-rich Ni3Al films namely 0 W Ni, 

25 W Ni, 50 W Ni and 100 W Ni. During each set of experiments, the 

processed gas flow, substrate temperature and the pressure inside the vacuum 

chamber were carefully monitored. The sputtering parameters used during the 

deposition of Ni3Al and Ni-rich Ni3Al films are shown in table 4.1 

Table 4.1: Sputtering parameters for depositing Ni3Al and Ni-rich Ni3Al films 

Targets Ni3Al & Ni 

Substrates Silicon (100) 

Base pressure 3 x 10-6 mbar 

Sputtering gas Argon (30 sccm) 

Sputtering pressure 3 x 10-2 mbar 

Sputtering power (Ni3Al) 250 W DC 

Sputtering power (Ni) 0 W, 25 W, 50 W & 100 W DC 

Substrate temperature 400℃ 

Deposition time 60 minutes 
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4.1.2.2 Characterization details 

X-ray diffraction was performed on Bruker D8 ADVANCE ECO (CuKα = 

1.54Å) at room temperature to investigate the different phases formed in the 

Ni3Al and Ni-rich Ni3Al alloy films. The microstructure of the deposited films 

was characterized by FE-SEM (Zeiss Gemini) whereas the surface topography 

was analyzed using atomic force microscopy (NaioAFM, Nanosurf, 

Switzerland) at ambient temperature. The elemental composition of the alloy 

coatings was characterized using Energy dispersive spectroscopy equipped 

with FE-SEM. The hydrophobic property of Ni3Al and Ni-rich Ni3Al films has 

been studied and evaluated in terms of contact angle measurements. The test 

was performed in on drop shape analyzer setup (DSA 100, Krǜss GmbH, 

Germany) in the static condition in open air at ambient temperature. In order 

to evaluate the wettability of the film, water droplets of 0.5 µl were dropped at 

10 different places on the surfaces of the deposited films. The profile and 

average contact angle between the water droplets and the deposited surfaces 

were calculated using the backlight camera and inbuilt software in the set up 

respectively. A load control nanoindentation (XP, Agilent, USA) was carried 

out to characterize the mechanical properties of the deposited coatings. Prior 

to the test, microscopic and tip calibration was done in order to ensure the 

proper positioning of the tip to the surface contact area of the deposited films. 

Poison’s ratio of 0.25 at a displacement rate of 0.05s-1 was considered whereas 

a constant frequency of 45 Hz at a harmonic displacement of 2 nm was 

maintained right through the nanoindentation test. The inbuilt software in the 

nano-indenter based on the Oliver and Pharr technique was used to calculate 

the modulus and hardness of the coatings. An average load of 9.5 mN was 

applied at 20 different spots of the sample to evaluate the average values of 

modulus and hardness.  

4.1.3 RESULTS AND DISCUSSION 

XRD spectra of pure Ni3Al films and Ni-rich Ni3Al films have been shown in 

figure 4.1. Two major peaks of Ni3Al corresponding to face-centered cubic 

structure of the (111) and (200) plane is observed at 44.1° and 51.3° 

respectively. These XRD peaks also correspond to the L12 structure of Ni3Al 
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films. From the figure, it can be observed that the intensity of the XRD peak at 

44.1° increases with Ni enrichment up to 25 W but beyond 25 W it decreases. 

This could be the result of the stresses present in the film due to the increase in 

thickness. This may also be due to decrease in crystallinity and preferred 

orientation of the Ni3Al (111) plane along with the evolution of new phase of 

Ni9Al (012) and Ni5Al (113) at 33.3° and 62° respectively. It can be observed 

that the diffraction peak of Ni9Al disappears when enriched with 100 W Ni 

resulting in the evolution of the broad diffraction peak of Ni.  

 

Figure 4.1: XRD spectra of Ni3Al and Ni-rich Ni3Al films 

The average crystallite size (dXRD) of the synthesized alloy films was 

calculated from the Scherrer equation (equation 3.1, chapter 3) using the 

integral width of the diffraction lines after the subtraction of correction for 

instrumental broadening [100]. The crystallite size of Ni3Al and Ni-rich Ni3Al 

alloy films has been shown in table 4.2. The results showed that there is a 

continuous and subsequent decrease in the crystallite size as the concentration 

of Ni increases in the host Ni3Al matrix. The existence of higher concentration 
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of Ni in Ni3Al coatings suppresses the crystallization during the co-sputtering 

process resulting in decrease of crystallite size of the Ni-rich Ni3Al films. The 

maximum and minimum crystallite size of 18±1.5 nm and 8.0±0.5 nm has 

been observed for 0 W Ni and 100 W Ni respectively.  

 

Table 4.2: Calculated parameters of Ni3Al and Ni-rich Ni3Al films 

 

 

Figure 4.2: EDS results (a) 0 W Ni (b) 25 W Ni (c) 50 W Ni (d) 100 W Ni 

 

Figure 4.2 shows the results of EDS. From the figure it is seen that the 

concentration of Ni increases when the DC power to Ni target increases 

simultaneously. This resulted in continuous and subsequent increases in the 

thickness of the coatings. figure 4.3 displays the cross-sectional FESEM 

images of the deposited coatings. The cross-sectional view of Ni3Al films 

S

N 

Sample EDS results 

(at%) 

Film 

thickness 

(nm) 

Surface 

roughness 

(nm) 

Crystallite 

Size (nm) 

Grain 

size 

(nm) 

Porosity 

(%) 

Al Ni 

1  0 W Ni  20.8  79.2 1667 7.3 ± 0.5 18 ± 1.5 82 ± 1.0 10.77 ± 1.5 

2 25 W Ni 16.4 83.6 1742 8.8 ± 0.5 17 ± 1.5 91 ± 1.5 12.81 ± 1.5 

3 50 W Ni 14.9 85.1 2618 9.1 ± 0.5 15 ± 1.2 98 ± 1.5 18.12 ± 1.8 

4 100 W Ni 13.3 86.7 3170 32.3 ± 1.5 8 ± 0.5 NA 39.07 ± 1.5 
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showed a closely packed columnar grain. However, a non-homogeneity in 

columnar grain structure is found when Ni3Al film is enriched with 100 W Ni. 

The concentration [Ni (at %) and Al (at %)] and the thickness of the Ni3Al and 

Ni-rich Ni3Al films have been indexed in table 4.2.  

 

Figure 4.3: Cross-sectional FESEM images of the samples (a) 0 W Ni (b) 25 

W Ni (c) 50 W Ni (d) 100 W Ni 

 

The microstructure of Ni3Al and Ni-rich Ni3Al films is shown in 

figure 4.4. From the figure, it can be seen that the 0 W Ni consists of densely 

packed microstructure which reflects a smooth and homogeneous structure of 

the coating. With rise in Ni content in host Ni3Al up to 25 W Ni, the 

enlargement of grains is observed as a result of the clustering of crystallites 

which further contributes to evolution of porosity resulting in inhomogeneity 

in the microstructure. Furthermore, the Ni3Al films enriched with 50 W Ni, 

resulted in the spheroidization of grains resulting in the generation of higher 

percentage of pores. The film enriched with 100 W Ni has shown the 

maximum percentage of pores with degraded microstructure. This could be the 

result of deterioration of the grains and grain boundaries. The percentage of 

pores and grain size of Ni3Al and Ni-rich Ni3Al films has been calculated 

using Image J software. For this purpose, the FESEM images have been used 

in the software. The variation in porosity (%) as a result of increase in Ni 
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content in the Ni3Al matrix is shown in figure 4.5. The minimum and 

maximum grain size of 82 ± 1.0 nm and 98.0 ± 1.5 nm has been found for 0 W 

Ni and 50 W Ni samples respectively. However, it was hard to identify the size 

of grains in Ni3Al film enriched with 100 W Ni. 

 

Figure 4.4: Microstructure of Ni3Al and Ni-rich Ni3Al films (a) 0 W Ni (b) 25 

W Ni (c) 50 W Ni (d) 100 W Ni 

 

Figure 4.5: Evolution of porosity with respect to sputtering power to Ni target 
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The surface topography of the deposited Ni3Al and Ni-rich Ni3Al film was 

characterized and studied using atomic force microscopy (Naio AFM, 

Nanosurf, Switzerland) in the scanned area of 5 x 5 µm2. However, to 

calculate the surface roughness of the films, an area of 50 x 50 µm2 was 

scanned at ten different places of the coatings. Figure 4.6 and figure 4.7 show 

the 2D and 3D AFM images of the surfaces of deposited films respectively. 

 

Figure 4.6: 2D AFM images of Ni3Al and Ni-rich Ni3Al films (a) 0 W 

Ni (b) 25 W Ni (c) 50 W Ni (d) 100 W Ni 

 

The 2D image of 0 W Ni and 25 W Ni shows almost a similar kind of 

globular and spheroidal structure. These structures became smaller in size 

when enriched with 50 W Ni representing a larger number of inhomogeneous 

spheroidal structures. However, the evolution of oval shaped patches and 

structures of even larger size are observed when the Ni3Al matrix is enriched 

with 100 W Ni. From the figure, it can be observed that the coating 
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synthesized with 0 W Ni, 25 W Ni and 50 W Ni possess dome-like hilly 

structural asperities with almost smooth and similar surfaces. The film with 

100 W Ni enrichment showed asperities of larger sizes. This could be the 

result of the presence of the Ni5Al phase whose crystallite size influences the 

grain growth of Ni3Al resulting in the generation of higher percentage of 

pores. Therefore, the surface roughness of the Ni3Al films enriched with 100 

W Ni changes and degraded abruptly after 50 W of DC power supply to the Ni 

target.  

 

Figure 4.7: 3D AFM images of Ni3Al and Ni-rich Ni3Al films (a) 0 W Ni (b) 

25 W Ni (c) 50 W Ni (d) 100 W Ni 

 

The hydrophobic property of Ni3Al and Ni-rich Ni3Al films has been 

studied and evaluated in terms of contact angle measurements. Figure 4.8 

shows the results of water contact angles for all the deposited Ni3Al and Ni-

rich Ni3Al films. From the figure, it is observed that the pure Ni3Al film 

showed a contact angle of 75° which further increased with increase in the 

concentration of Ni in Ni3Al films. The maximum contact angle of ~107° is 

observed in the case when Ni3Al is enriched with 50 W Ni which decreases to 

~43° when enriched with 100 W Ni. It is reported that wettability is inversely 
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proportional to the hydrophobic properties [204], thus we can say that the 

Ni3Al film with 25 W and 50 W Ni are hydrophobic whereas the film with 100 

W Ni is hydrophilic in nature. Moreover, the surface roughness of the film is 

the influencing factor that alter the wettability of the film. In our case it is 

observed that the hydrophobic property of the coating increases with increase 

in homogeneous surface roughness of the film up to 50 W Ni enrichment. This 

could be the result of trapping of air inside the asperities of the surfaces up to 

50 W Ni which reduces the surface interaction of water with the deposited 

surfaces resulting in water spheroidization leading to increase in contact 

angles and thus hydrophobic properties. However, with increase in higher 

surface roughness of film with 100 W Ni, the contact angle decreases abruptly. 

In the case of Ni3Al with 100 W Ni, the size of asperities is larger as compared 

to other surfaces which allows the water droplets to move inside resulting in 

increasing the surface interaction of water and deposited surface that leads to 

decrease in contact angles. Moreover, it has been reported that the presence of 

Ni5Al and Ni phases in host Ni3Al matrix lower the contact angles of the 

Ni3Al film which is observed in 100 W Ni sample (figure 4.1).  

 

Figure 4.8: Contact angle between water droplet and Ni3Al surface (a) 0 W Ni 

(b) 25 W Ni (c) 50 W Ni (d) 100 W Ni 
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To investigate the mechanical properties of Ni3Al and Ni-rich Ni3Al films, a 

load control nanoindentation (XP, Agilent, USA; at CSIR NML, India) was 

performed on Silicon substrates. An average recorded load of 9.5 mN was 

applied to penetrate the Berkovich tip up not beyond 1/10th of the total film 

thickness to eliminate the so-called substrate effect on mechanical properties. 

The test was performed in open air at ambient temperature. The load versus 

displacement data as a result of indentation inside the deposited film has been 

plotted in figure 4.9. From the figure it can be observed that at an average 

load of 9.5 mN, the displacement as a result of penetration increases with 

increase in Ni concentration in the alloy film. Moreover, it can be observed 

that the Ni3Al and Ni-rich Ni3Al films showed both plastic and elastic 

deformation while loading whereas only elastic deformation is observed 

during unloading. This clearly evident that the Ni3Al films enriched with Ni 

get softened resulting in decrease in hardness as shown in figure 4.10. The 

maximum displacement in terms of plasticity is observed in Ni3Al film 

enriched with 100 W Ni resulting in the degradation of modulus and hardness 

values. 

 

Figure 4.9: Load versus displacement curve of Ni3Al and Ni-rich Ni3Al films 
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Figure 4.10: Evolution of hardness and Young’s modulus of Ni3Al and Ni-

rich Ni3Al films 

 

It has been reported in the literature that there are several factors along with 

chemical composition that influence the mechanical and tribological properties 

of Ni3Al-based thin films. Several researchers have fabricated Ni3Al and Ni-

rich Ni3Al films in multi-layer and alloy forms and have found that the phases 

formed, number of layers deposited, post deposition heat treatments as well as 

the depth of indentation affects the modulus and hardness of the coating [205]. 

In our case, it is observed that the grain size (calculated from FE-SEM images 

using Image J software) of Ni-rich Ni3Al film increases with increase in Ni 

concentration in the host Ni3Al film resulting in the evolution of pores due to 

the agglomeration of grains which contributed to the overall degradation of 

modulus and hardness of the coating. Moreover, Nickel is ductile in nature and 

its grains and grain boundaries are weaker and softer as compared to pure 

Ni3Al films. This led to the film softening due to increase in Ni concentration 

resulting in decrement in modulus and hardness of Ni3Al films. The maximum 

value of hardness and Young’s modulus of 12.8 ± 0.8 GPa and 205.3 ± 17 
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GPa respectively have been observed for pure Ni3Al film i.e., 0 W Ni while 

the minimum hardness and Young’s modulus of 2.6 ± 0.75 GPa and 90.70 ± 

14.55 GPa respectively has been observed for the Ni rich Ni3Al film with 100 

W Ni.  

4.1.4 CONCLUSION 

Ni3Al and Ni-rich Ni3Al films have been synthesized on Si substrates at 

substrate temperature of 400℃ using DC magnetron sputtering and co-

sputtering respectively. XRD spectra of the films showed that the film has a 

preferred orientation of Ni3Al (111) up to 50 W Ni enrichment. Moreover, the 

evolution of the Ni5Al phase has been observed at 62° when the pure Ni3Al 

film was enriched with Ni concentration. The rise in sputtering power to the 

Ni cathode target resulted in increasing the concentration of Ni and the 

thickness of Ni3Al films. It also contributed towards decreasing the subsequent 

crystallite size which resulted in the evolution of pores in 100 W Ni sample. 

The measurements of water contact angles revealed that the hydrophobic 

properties of the films increase with Ni enrichment up to 50 W Ni. Further 

enrichment of Ni concentration in the film (at 100 W Ni) resulted in a sudden 

fall in contact angles. This is because of the evolution of Ni and Ni5Al phased 

along with the generation of larger percentage of pores. The highest values of 

hardness and Young’s modulus of 12.8 ± 0.8 GPa and 205.3 ± 17 GPa 

respectively have been calculated for pure Ni3Al films with elemental 

composition of 79.2 at% Ni and 20.8 at% Al. The values of hardness and 

Young’s modulus decreases with increase in Ni content in Ni3Al films. The 

least values of hardness and Young’s modulus of 2.6 ± 0.75 GPa and 90.70 ± 

14.55 GPa respectively has been observed for the film enriched with 100 W Ni 

enrichment. 



 

 
 

 

 

 

 

 

 

CHAPTER 5 

SYNTHESIS AND CHARACTERIZATION OF DC-CO-

SPUTTERED DOPED Ni3Al FILMS 
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5.1 DC MAGNETRON CO-SPUTTERED Cr- Ni3Al FILMS 

In this section, the evolution of phases, microstructure and mechanical 

properties of Cr-Ni3Al alloy films have been discussed. Cr-Ni3Al alloy films 

were deposited on Silicon substrates using DC sputtering and co-sputtering 

processes. The films were deposited at a substrate temperature of 400℃. The 

effect of varying the DC power to the Cr target on the concentration and 

properties of the films has been investigated and discussed. The evolution of 

phases, microstructure, surface topography, mechanical properties and 

hydrophobic properties have been investigated using XRD, FESEM, AFM, 

nanoindentation and drop shape analyzer respectively. 

5.1.1 INTRODUCTION 

Over the past two decades, transition metal-based thin films have been 

synthesized and characterized by several research groups for high-temperature 

applications [206], [207]. These coatings have shown excellent mechanical 

and tribological properties at ambient and elevated temperatures [208]–[210]. 

Moreover, some of the transition metal nitride coatings like CrN, TiN, WN, 

etc. and Ni and Ti-based coatings have shown enhanced properties in terms of 

corrosion and oxidation resistance along with microstructural stability [21], 

[211], [212]. Looking into the demand for high-temperature structural 

applications, researchers have fabricated, Nickel and Nickel superalloy-based 

coating because of their high thermal stability [22], [93]. In the last decade, the 

demand for enhanced surface properties and strength like hardness and wear 

resistance in semiconductor, microelectronics and machining industries 

spurred the advancement in the coatings with enhanced mechanical and 

tribological properties along with high-temperature stability [86]. In particular, 

Ni3Al-based intermetallic compound coatings with excellent properties like, 

creep and fatigue resistance, thermal stability, high stiffness and high melting 

point make them a potential candidate for high-temperature applications like 

gas turbine blades, jet engines, aerospace and nuclear industries [101], [200], 

[213]–[216]. Moreover, doping of transition metals like W, Cr, Pd, and B in 

Ni3Al films in alloy or multilayer forms also alter their properties and 

mechanical behavior at ambient and high temperature [89], [217], [218]. 



CHAPTER 5: Doped Ni3Al films 

83 
 

Alloying Ni3Al intermetallic with Fe has increased mechanical properties 

whereas it has resulted in improving high-temperature strength when doped 

with zirconium (Zr) because of solid solution hardening [219]. It has been 

reported that Boron doped in Ni3Al films, extensively occupies the Al sites, or 

the element which is a substitute for both Al and Ni is ductilized by Boron 

resulting in increasing the overall ductility of the film [220]. While 

synthesizing Ni3Al-based coatings, phase formation and microstructure have a 

great impact on mechanical and tribological properties. It has been reported 

that with an increase in crystallite size, the hardness generally decreases and 

vice versa following the Hall-Petch but in some cases, inverse Hall-Petch 

results have been observed [89], [103], [184]. In literature, it has been found 

that, despite increasing the crystallite and grain size of the film, mechanical 

and tribological properties have increased. This has been perceived because of 

the formation of ordered L12 preferred orientation of Ni3Al films which 

contributes to increasing the hardness of the film [86], [97]. There are several 

factors affecting the properties and microstructure of Ni3Al films while 

depositing via magnetron sputtering. Sputtering process parameters like 

sputtering pressure and substrate temperature influence grain growth, 

refinement and rearrangement which results in altering the properties of the 

film. Moreover, post-deposition heat treatment also contributes to varying the 

properties of the Ni3Al films. Swygenhoven et al., [92] deposited Ni3Al alloy 

and Ni/Ni3Al multilayer films on Si substrate via DC magnetron sputtering. 

They found that the alloy films exhibited a maximum hardness of ~13 GPa 

whereas the Ni/Ni3Al with an individual layer thickness of 5 nm and 2.5 nm 

exhibited a hardness of ~ 12 GPa and 11.8 GPa respectively. Ng et al., [93] 

deposited Ni3Al films onto the Ni substrate using the multi-target system by 

putting the Ni and Al sheets glued together on a thin circular metal sheet and 

with casted alloy Ni3Al targets also via sputtering. The results of 

microhardness revealed that the as-deposited film and the film annealed at 

300℃ showed almost the same hardness whereas the maximum hardness was 

shown by the film annealed at 700℃. They also found a continuous fall in 

hardness as a result of an increase in indentation depth. Xing et al., [86] in 

their research to synthesize Ni3Al and Ni3Al/Cr multilayer films found that the 
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hardness of Ni3Al/Cr decreased as compared to single-layered Ni3Al films 

whereas Young’s modulus increased. They also found that both the Single-

layered and multilayered films were able to prevent the substrate from being 

drastically oxidized at an elevated temperature of 900℃ whereas the 

toughness of multilayer films was increased. Zhang et al., [89] found that the 

hardness of Ni3Al films doped with ultra-thin Cr layers in multilayer form 

increased with an increase in Cr content and annealing temperature. In their 

further research while synthesizing Ni/Ni3Al multilayer films, with different 

individual layer thicknesses of Ni and Ni3Al (layer thickness h<100 and 

h=160) they found that the Ni/Ni3Al film showed the preferred orientation of 

(111) texture. It is seen that with decreasing individual layer thickness, there 

appears a peak broadening in the XRD spectrum reflecting a decrease in the 

crystallite size of the film. Results of nanoindentation showed that the 

hardness of the annealed films was low as compared to as-deposited Ni/Ni3Al 

films which further decreased with an increase in the individual layer 

thickness of Ni and Ni3Al [103]. In our previous research (Chapter 4), alloy 

Ni3Al coatings were synthesized on Si substrate via DC magnetron sputtering 

[100] where the hardness of ~13 GPa was achieved. Enriching the film further 

with Ni via Co-sputtering process, it was observed that the modulus and 

hardness of the film decreased simultaneously with the evolution of cracks and 

pores. Several research groups have studied the properties and behavior of 

Ni3Al-based films at ambient and high temperatures. However, very limited 

research is available in the literature related to alloy deposition particularly 

using dopants in alloy form. The present work reports the effect of Cr 

enrichment in Ni3Al films in alloy form on its microstructural and mechanical 

properties for their application in microelectronic devices, molding industries 

and aerospace industries. 

5.1.2 EXPERIMENTAL DETAILS 

5.1.2.1 Synthesis of Cr-Ni3Al films 

Cr-Ni3Al alloy films were deposited on Si (100) substrates via co-sputtering at 

a substrate temperature of 400 ℃ in a custom-designed vacuum chamber. 

Alloy target of Ni3Al (2-inch diameter and 5 mm thickness; 99.99% purity) 
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and Cr target (2-inch diameter and 5 mm thickness; 99.99% purity) was placed 

in DC-powered sputtering guns placed at 120° apart from each other. Si 

substrates were cleaned with acetone and then dried in the air before clamping 

to the substrate holder. The substrate holder was rotated at a speed of 15 rpm 

to ensure the homogeneous deposition of the film over the substrates. The 

sputtering chamber was evacuated at a base pressure of 3 x 10-6 while the 

substrates were kept at a temperature of 400 ℃. Argon (99.999% purity) as a 

processed gas (30 sccm) was inserted in the chamber and the pressure during 

sputter deposition was kept constant at 3 x 10-2 mbar. DC power of 250 W was 

supplied to the Ni3Al target to deposit Ni3Al film (namely 0 W Cr). To vary 

the concentration of Cr in Ni3Al films, the power supply to Cr target was 

varied from 10 W to 40 W in steps of 10 W to deposit Cr-Ni3Al alloy films 

namely 10 W Cr; 20 W Cr; 30 W Cr and 40 W Cr. Prior to deposition, pre-

sputtering of 5 minutes was done on both the targets to remove the impurity 

from the surface of the targets whereas the actual sputtering was done for a 

duration of one hour. Other than the DC power to the Cr target, all the 

sputtering parameters were kept constant for all depositions. The sputtering 

parameters for synthesizing the Cr-Ni3Al films have been shown in table 5.1. 

Table 5.1: Sputtering parameters for depositing Cr-Ni3Al films with variation 

in Cr content 

Targets Cr & Ni3Al 

Substrates Silicon (100) 

Base pressure 3 x 10-6 mbar 

Sputtering gas Argon (30 sccm) 

Sputtering pressure 3 x 10-2 mbar 

Sputtering power (Ni3Al) 250 W DC 

Sputtering power (Cr) 0 W, 10 W, 20 W, 30 W & 40 W DC 

Substrate temperature 400℃ 

Deposition time 60 minutes 

 

5.1.2.2 Characterization details 
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Grazing angle X-ray diffraction (Empyrean Panalytical), was used to detect 

the phases of Ni3Al-based films using CuKα = 1.54Å at ambient temperature. 

The microstructure and surface topography of the films were characterized by 

FE-SEM (Zeiss Gemini) and atomic force microscopy (NaioAFM, Nanosurf, 

Switzerland). The elemental composition of Cr in Ni3Al films was 

characterized using Energy dispersive spectroscopy equipped with FE-SEM. 

In order to measure the contact angle to study the hydrophobic properties of 

the films, a drop shape analysis experiment (DSA 100, Krüss GmbH, 

Germany) was performed in the similar way as explained in section 3.1.2.2. 

Quasi-static nanoindentation (nano DMA, Hysitron Inc Minneapolis USA, TI-

900) was performed to investigate the hardness and Young’s modulus of 

Ni3Al and Cr-Ni3Al coatings. The depth control nanoindentation test was 

performed at ambient temperature with a strain rate of 0.05-1 calibrated at a 

poison ratio of 0.25. The average depth of penetration during the 

nanoindentation test was 100 nm and kept constant throughout the set of 

experiments. The mechanical property in terms of modulus and hardness was 

calculated using Oliver and Pharr’s technique by the inbuilt software in the 

nanoindentation setup. A total of 20 indents were made using a Berkovich 

diamond tip to calculate the average value of modulus and hardness.  

5.1.3 RESULT AND DISCUSSION 

XRD patterns of Cr-Ni3Al alloy coatings with different concentrations of Cr in 

alloy form are shown in figure 5.1. It can be seen that the Ni3Al film (0 W Cr) 

displays a preferred (111) orientation at 44.13° followed by low-intensity 

diffraction peaks of (200) and (220) planes at 51.3° and 75.2° of face-centered 

cubic structure respectively. These diffraction peaks are also in accord with 

the standard intermetallic L12 diffraction peaks of Ni3Al. XRD patterns of Cr-

Ni3Al films do not display any evidential diffraction peaks of Cr. This may be 

attributed to the substitution of Ni by Cr atoms from the host Ni3Al lattice 

structure which causes the strain to induce in the film [86], [220]. When Cr 

replaces Ni atoms of the host Ni3Al lattice structure, it gives rise to the tensile 

residual stress. The value of strain in Ni3Al and Cr-Ni3Al calculated from the 
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prominent peak of XRD spectra using equation 5.1 [221] is shown in table 

5.2. 

𝜖 = 𝛽/4𝑡𝑎𝑛Ө   Equation 5.1  

Where ϵ is microstrain, β is FWHM, Ө is Bragg’s angle 

 

Figure 5.1: XRD spectra of Ni3Al and Cr-Ni3Al alloy films 

Table 5.2: Calculated parameters of Cr-Ni3Al coatings as a function of Cr 

enrichment 

SN Sample Cr 

(at%) 

Crystallite 

Size (nm) 

Grain 

size 

(nm) 

Surface 

roughness 

(nm) 

Contact 

angle 

(degree) 

Porosity 

(%) 

Strain 

1. 0 W Cr 0.00 19.3 ± 0.5 91 ± 

2.5 

7.5 ± 0.23 75.5 ± 

1.0 

10.34 0.0195 

2. 10 W 

Cr 

1.07 18.2 ± 0.5 110 ± 

2.5 

9.4 ± 0.27 98.4 ± 

1.0 

11.50 0.0213 

3. 20 W 

Cr 

2.25 17.9 ± 0.5 139 ± 

4.0 

11.9 ± 0.42 111.9 ± 

1.0 

11.69 0.0229 

4. 30 W 

Cr 

5.71 17.8 ± 0.5 166 ± 

5.0 

12.6 ± 0.63 112.5 ± 

1.0 

12.52 0.0244 

5. 40 W 

Cr 

7.34 17.2 ± 0.5 195 ± 

5.0 

14.8 ± 0.71 115.9 ± 

1.5 

14.05 0.0269 
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The microstructure of Cr-Ni3Al is characterized using FESEM as shown in 

figure 5.2. From the figure it can be seen that 0 W Cr-Ni3Al film exhibits fine, 

equisized and densely packed consolidated grains reflecting smooth and 

homogeneous microstructure while in 10 W Cr-Ni3Al film, there is the 

evolution of coarser grains and pores resulting in inhomogeneous 

microstructure. A simultaneous increase in porosity is observed with a further 

increase in the Cr content (up to 40 W Cr) in the host Ni3Al film. This could 

be the result of the agglomeration of crystallites resulting in grain growth 

which later contributes to deteriorating the arrangements of grains and grain 

boundaries.  

 

Figure 5.2: FESEM images of Cr-Ni3Al films (a) 0 W Cr (b) 10 W Cr (c) 20 

W Cr (d) 30 W Cr (e) 40 W Cr 
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Image j software is used to calculate the percentage of porosity in the film 

using the SEM images of the Cr-Ni3Al films [222]. Results revealed that 0 W 

Cr-Ni3Al films exhibited minimum percentage of pores (10.3%) whereas 40 W 

Cr-Ni3Al films showed the maximum percentage of pores (14%) in the film as 

shown in figure 5.3.  

Furthermore, the grain size of the deposited coatings has also been computed 

using Image J software. For this purpose, we have used the FE-SEM images. 

The distribution of grain size in Ni3Al and Cr-Ni3Al films has been shown in 

figure 5.4.  From the figure it is observed that 10 W Cr-Ni3Al reflects the 

homogeneous distribution of smaller grains with an average grain size of 91 ± 

2.5 nm. With increase in Cr content in the film, the distribution of grains 

becomes inhomogeneous as a result of grain coarsening which continues up to 

40 W Cr enrichment in the film. The minimum and maximum grain size of 91 

± 2.5 and 195 ± 5.0 nm has been observed for 10 W Cr-Ni3Al and 40 W Cr-

Ni3Al film respectively [222]. 

 

Figure 5.3: Evolution of porosity with respect to sputtering power to Cr target 



CHAPTER 5: Doped Ni3Al films 

90 
 

 

Figure 5.4: Distribution of grains in Cr-Ni3Al coatings 

The surface topography of deposited alloy coatings has been examined and 

explored using atomic force microscopy. The cantilever probe of AFM 

scanned an area of 5 x 5 µm2 to reveal information about the surface asperities 

of the coatings. However, to calculate the average surface roughness (rms) of 

the film, the area of 50 x 50 µm2 was scanned at 10 different spots. Figure 5.5 

and figure 5.6 displays the 2D and 3D AFM images of Cr-Ni3Al films.  

From the figure 5.5 (a), it can be observed that the Ni3Al film with 0 W Cr 

exhibits small granular like structure which are closely packed to each other 

whereas the corresponding 3D image of 0 W Cr shown in figure 5.6 (a) 

reflects a high frequency of fine, thin and sharp hill-type structured nano 
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asperities. A subsequent and continuous increase in a granular shaped 

structures in 2D images of AFM is seen because of the increase in Cr 

concentration in Ni3Al films [Figure 5.5, (b), (c), (d)]. The corresponding 3D 

images of AFM show dome like broad asperities with distorted structures in 

Cr-Ni3Al coatings as a result of increase in Cr content [Figure 5.6, (b), (c), 

(d)]. This led to an increase in surface roughness and also an increase in void 

fraction. The surface roughness (rms) of the deposited films calculated using 

AFM has been reported in table 5.2. The minimum and maximum surface 

roughness of 7.5 nm and 14.8 nm has been observed for 0 W Cr-Ni3Al and 40 

W Cr-Ni3Al films respectively. 

 

Figure 5.5: 2D AFM images of Cr-Ni3Al films (a) 0 W Cr (b) 10 W Cr (c) 20 

W Cr (d) 30 W Cr (e) 40 W Cr 
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Figure 5.6: 3D AFM images of Cr-Ni3Al films (a) 0 W Cr (b) 10 W Cr (c) 20 

W Cr (d) 30 W Cr (e) 40 W Cr 

 

Contact angle measurements have been performed and examined on a drop 

shape analyzer at ambient temperature. In order to study the hydrophobic 

property of the film, the contact angle has been measured between water 

droplets and the deposited surface with different concentrations of Cr in steady 

state as displayed in figure 5.7. Results showed that the contact angle 

improves simultaneously with increase in Cr concentration in Ni3Al film. This 

is because of the subsequent rise in the surface roughness of the coating with 

Cr enrichment as indexed in table 5.2. With rise in the surface roughness of 

the coating, there is increase in void fraction too. These available voids 

between the nano-asperities of the surface help in trapping air that decreases 

the surface contact area between water and deposited films and thus increases 

the hydrophobic property of the film (wettability is decreased) 
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Figure 5.7: Contact angles of Ni3Al and Cr-Ni3Al films (a) 0 W Cr (b) 10 W 

Cr (c) 20 W Cr (d) 30 W Cr (e) 40 W Cr 

It has been reported in the literature that increase in surface roughness 

increases the hydrophobic property of the film up to a limit [100]. From the 

results of AFM, it can be seen that there is a sudden increase in surface 

roughness of 10 W Cr-Ni3Al films (7.5 nm to 9.4 nm) which lead to a 

dramatic rise in water contact angle too. However, the marginal difference in 

surface roughness of 20 W Cr-Ni3Al and 30 W Cr-Ni3Al (11.9 nm to 12.6 nm) 

has reflected a small degree of variation in contact angle. The lowest and 

highest contact angle of 75.5° and 115.9° has been found for 0 W Cr-Ni3Al 

and 40 W Cr-Ni3Al coatings respectively. Mechanical properties of Cr-Ni3Al 

have been investigated in terms of modulus and nano hardness. Depth-control 

Quasi-static nanoindentation was used to investigate and analyze the results of 

mechanical properties at ambient temperature. The results of modulus and 

hardness have been plotted in figure 5.8.  
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Figure 5.8: Hardness and Young’s modulus of Cr-Ni3Al films as a function of 

power to Cr target 

 

From the figure, it is found that the hardness of the film decreases with rise in 

power to Cr target. This is because of the rise in Cr content in host Ni3Al film 

which led to an increase in the overall film thickness that further contributes to 

agglomeration of crystallites resulting in grain size enlargement. Furthermore, 

the larger grains contribute to the generation of large volume of pores (table 

5.2) which led to the degradation of the microstructure of the film. Figure 5.9 

shows the summarized result of hardness versus inverse square root of the 

grain size. From the figure, it can be observed that the hardness of the film is 

directly proportional to the inverse square root of grain size obeying the 

classical Hall-Petch relation. This is evident that the hardness of the film 

declines with enhancement in grain size following the dislocation pileup 

model [223], [224]. The films with smaller grain sizes consists of large 

volumes of grain boundaries which resist the dislocation movement across the 

boundaries and are piled up near the grain boundaries resulting enhancement 
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in hardness [221], [225]. Moreover, the value of R2 is very close to 1 (R2 = 

0.974) which suggests that the regression line fits the data well resulting in a 

high value of H-P coefficient [slope = 184.04615 ± 17.34491 GPa (nm1/2)]. It 

is also reported in literature that the hardness of the film increases with rise in 

H-P coefficient [80], [224]. In our case, however, the value of the H-P 

coefficient is higher, but the presence of cracks and pores in the films degrades 

the microstructure resulting in the evolution of hardness in the range of ~7 

GPa to 12.7 GPa. 

 

Figure 5.9: Hall-Petch relationship in Ni3Al and Cr-Ni3Al films 

It has also been reported that the variation in hardness as a function of grain 

size is compensated by the chemical ordering of FCC Ni3Al film (formation of 

thermodynamic equilibrium Ni3Al L12 phase) which says that, due to the 

enhancement in grain size, the hardness of the coating increases if the ordered 

equilibrium L12 Ni3Al phase is formed in nanocrystalline films [97], [103], 

[226]. In our case, the XRD Spectrum of Ni3Al film (0 W Cr) showed a 

prominent peak of Ni3Al (111) at 44.13° which is also in accord with the 

standard intermetallic L12 structure contributing in enhancing the hardness of 
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the film. However, the existence of the pores in Cr-Ni3Al films contributes in 

lowering the hardness of the alloy Cr-Ni3Al films. The evolution in Young’s 

modulus also shows the same trend as reflected by the nano-hardness curve. 

 

Figure 5.10: Load versus displacement graph of Cr-Ni3Al films 

 

Figure 5.10 reflects the load versus depth curve as a function of Cr 

enrichment in Ni3Al alloy films. A maximum load (Pmax) of 2.8 mN is 

recorded during depth control nanoindentations. From the figure it is seen that 

the synthesized coating showed both elastic and plastic deformation during 

loading whereas only elastic deformation has been observed during unloading. 

Moreover, 0 W and 10 W Cr-Ni3Al samples reflected almost the same 

permanent deformation depth of ~38 nm and ~40 nm respectively whereas 20 

W Cr-Ni3Al samples showed a permanent deformation depth of ~46 nm. The 

maximum permanent deformation depth of 60 nm is observed for both 30 W 

Cr-Ni3Al and 40 W Cr-Ni3Al films. This shows that 0 W Cr and 10 W Cr 

possess a better rate of elastic recovery as compared to 20 W Cr, 30 W Cr and 

40 W Cr films. 
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Xing et al., (2013) [86] also found similar results in terms of a decrease in 

hardness when they synthesized Cr/Ni3Al multilayer films. It has been 

reported that the Ni3Al films in multilayer forms when enriched with Nickel 

have reflected a hardness in the range of ~4.5 to 8 GPa [104], [172], [184], 

[227]. Some studies based on doped Ni3Al with transition metals in multilayer 

forms followed by heat treatment have shown an increase in the hardness 

beyond 8 GPa [89], [97], [103]. In our case, the maximum and minimum 

hardness of (12.7 ± 0.8 GPa) and (7.0 ± 0.5 GPa) has been observed for 0 W 

Cr-Ni3Al and 40 W Cr-Ni3Al alloy films whereas the maximum and minimum 

Young’s modulus of (203 ± 15 GPa) and (129 ± 5.6 GPa) has been observed 

for 0 W Cr-Ni3Al and 40 W Cr-Ni3Al respectively. The enhanced mechanical 

properties of deposited Ni3Al-based coatings make them a suitable candidate 

for their application in scratch resistant connectors, slider and other 

components of electronic devices and molding dies. 

5.1.4 CONCLUSION 

Ni3Al and Cr-Ni3Al alloy films with variations in Cr concentration have been 

synthesized via DC magnetron sputtering. The microstructure, phase, and 

mechanical properties of the deposited coatings have been studied. XRD 

patterns of Ni3Al and Cr-Ni3Al alloy films have reflected a preferred 

orientation of the (111) plane followed by low intensity peak of (200) and 

(220). However, no evidence of Cr in diffraction peak of Cr-Ni3Al films has 

been observed upon enriching the host Ni3Al film with Cr. The rise in 

sputtering power to the Cr target resulted in enriching the Cr content in the 

films which led to the evolution of microcracks resulting in degradation of the 

surface roughness. The maximum percentage of porosity (14%) has been 

observed in 40 W Cr-Ni3Al films with highest surface roughness of 14.80 ± 

0.71 nm. 0 W Cr-Ni3Al alloy film has shown the highest value of hardness 

(12.7 ± 0.8 GPa) and Young’s modulus (203 ± 15 GPa) that decreases with 

increase in Cr content. Contact angle measurements reveal that Cr-Ni3Al films 

are hydrophilic in nature but converts to hydrophobic with increase in Cr 

content in the samples. The maximum contact angle of 115.9° is observed for 

40 W Cr-Ni3Al films. 
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5.2 DC MAGNETRON CO-SPUTTERED Zr-Ni3Al FILMS 

In this section, the properties of Zr-Ni3Al alloy films have been investigated 

using the same characterization techniques discussed in section 5.1.  

5.2.1 INTRODUCTION 

Ni3Al in bulk and thin film state have been investigated by several researchers 

to study their mechanical, tribological, and high temperature oxidation 

resistant properties. It has been reported that the Ni3Al based thin films are 

able to prevent the substrate from being drastically oxidized at elevated 

temperature of ~900- 1100℃. However, the polycrystalline Ni3Al-based 

coatings possess brittle behavior at room temperature which hinders their 

practical applications at ambient temperature [78], [228]. In order to overcome 

the problem, several research groups have doped Ni3Al with Boron (B) and 

found that the ductility of the polycrystalline material increased by ~35% [78], 

[228], [229]. Li et al., found that the incorporation of Zirconium (Zr) in bulk 

Ni3Al also contributes in increasing the ductility of the host Ni3Al 

intermetallic compound whereas Yavorska et al., reported enhancement in 

oxidation resistance properties of Ni3Al films when enriched with Zr [230]. 

Very limited research has been reported in literature highlighting the 

mechanical properties of intermetallic Ni3Al compound specially in case of 

alloy thin films. This work reflects the synthesis and characterization of 

microstructural and mechanical properties of Ni3Al films enriched with Zr in 

alloy form. 

5.2.2 EXPERIMENTAL DETAILS 

5.2.2.1 Synthesis of Zr-Ni3Al films 

Ni3Al and Zr-Ni3Al films were deposited on Silicon (100) substrate using DC 

magnetron sputtering and co-sputtering process respectively. All the sputtering 

process were kept common as discussed in section 5.1.2.1 except the use of Zr 

target at the place of Cr to synthesize the Zr-Ni3Al films namely 0 W Zr, 10 W 

Zr, 20 W Zr, 30 W Zr and 40 W Zr. The parameters of deposition of Zr-Ni3Al 

films have been indexed in table 5.3. 
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Table 5.3: Sputtering parameters for depositing Zr-Ni3Al films with variation 

in Zr content 

Targets Zr & Ni3Al 

Substrates Silicon (100) 

Base pressure 3 x 10-6 mbar 

Sputtering gas Argon (30 sccm) 

Sputtering pressure 3 x 10-2 mbar 

Sputtering power (Ni3Al) 250 W DC 

Sputtering power (Zr) 0 W, 10 W, 20 W, 30 W & 40 W DC 

Substrate temperature 400℃ 

Deposition time 60 minutes 

 

5.2.2.2 Characterization details 

The deposited Ni3Al and Zr-Ni3Al films were characterized to study the 

evolution of phase, the surface morphology, surface topography and 

mechanical properties. The characterization techniques and testing parameters 

used were same as discussed in section 5.1.2.2 

5.2.3 RESULTS AND DISCUSSION 

Figure 5.11 illustrates the XRD spectra of Ni3Al and Zr-Ni3Al films deposited 

with different concentration of Zr. From the figure, it can be observed that the 

Ni3Al and Zr-Ni3Al films display a preferred orientation of (111) plane at 

44.13° followed by low intensity XRD peak at 51.5° (200) and 75.1° (220) of 

FCC structure. The XRD peak at 44.13° also corresponds to the standard L12 

intermetallic phase of Ni3Al. XRD spectra of Zr-Ni3Al films don’t reflect any 

evidential diffraction peak of Zr. However, a shift towards a lower angle in 

(111), (200) and (220) planes is observed as a result of Zr enrichment in the 

host Ni3Al film (figure 5.12) which leads to the generation of micro strain as 

larger sized Zr replaces the smaller sized Ni in the Ni3Al matrix. A continuous 

and subsequent shift towards the lower degree of angle is evident from the 

films enriched with Zr and this results in deteriorating the L12 phase of the 

host Ni3Al films. 
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Figure 5.11: XRD spectra of Ni3Al and Zr-Ni3Al alloy films 

 

Figure 5.12: Peak shift in Zr-Ni3Al films as a function of power to Zr target 
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Figure 5.13: FESEM images of Zr-Ni3Al films (a) 0 W Zr (b) 10 W Zr (c) 20 

W Zr (d) 30 W Zr (e) 40 W Zr 

 

Figure 5.13 represents the microstructure of Zr-Ni3Al films characterized 

using FESEM. It can be seen that the Ni3Al film without addition of Zr (0 W 

Zr), shows circular equisized and closely packed grains resulting in making 

the coated surface smooth and homogeneous. However, the doping of Zr in 

Ni3Al coatings contributes to to the generation of coarse grains as a result of 

agglomeration of crystallites. Furthermore, a continuous and subsequent 

increase in percentage of pores is also observed with Zr enrichment. This 

could be the result of the thermal mismatch between the substrate and the 
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coating or due the presence of residual stress generated during the deposition 

[231], [232]. Furthermore, the enhancement in grain size not only degraded 

the arrangements of grains and grain boundaries but also lead to the generation 

of pores which propagates across the deposited surface. It is observed that the 

incorporation of Zr in host Ni3Al has affected the grain enlargement kinetics 

which led to the grain growth with globular structure.  

 

Figure 5.14: Evolution of porosity as a function of Zr enrichment in Ni3Al 

alloy films. 

 

Image J software has been used to calculate the size of grains and percentage 

of pores present in Ni3Al and Zr-Ni3Al films. For the purpose, FESEM image 

of the deposited films have been used in the software. Figure 5. illustrates the 

evolution of porosity with respect to the rise in power to the Zr target while 

depositing the alloy films. 0 W Zr film shows denser microstructure resulting 

in the generation of minimum percentage of pores (10.17%) whereas the film 

with 40 W Zr has shown the larger grains with maximum percentage of pores 
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(13.6%). Results of grain size and grain distribution measurements revealed 

that the film deposited with 0 W Zr possessed the homogeneously distributed 

smaller sized grains as shown in figure 5.15. The grain size of the films 

increases with increase in Zr content. Furthermore, an inhomogeneity in the 

grain distribution can be seen when enriched with Zr content up to 40 W Zr. 

The average minimum and maximum grain size of the films has been 

calculated as 90 ± 2.0 nm and 190 ± 2.5 nm for 0 W Zr and 40 W Zr 

respectively. The continuous increase in Zr content and grain size of the film 

as result of increase in sputtering power to Zr target has been indexed in table 

5.4. 

 

Figure 5.15: Distribution of grains in Ni3Al and Zr-Ni3Al coatings 
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Table 5.4: Calculated parameters of Zr-Ni3Al coatings as a function of Zr 

enrichment 

 

 

 

Figure 5.16: 2D AFM images of Zr-Ni3Al films (a) 0 W Zr (b) 10 W Zr (c) 20 

W Zr (d) 30 W Cr (e) 40 W Zr 

SN Sample Zr 

(at%) 

Lattice 

constant 

(nm) 

Grain 

size (nm) 

Surface 

roughness 

(nm) 

Contact 

angle 

(degree) 

Porosity 

(%) 

Strain 

1. 0 W Zr 0.0 0.3552 90 ± 2.0 7.2 ± 0.5 75 ± 1.5 10.17 0.01956 
 

2. 10 W Zr 0.65 0.3561 114 ± 2.0 8.4 ± 0.5 88 ± 1.5 11.14 0.02332 
 

3. 20 W Zr 1.02 0.3566 137 ± 2.5 9.1 ± 0.5 95.9 ± 1.0 11.56    0.02401 

4. 30 W Zr 1.2 0.3581 161 ± 2.5 11.3 ± 1.0 99.1 ± 1.0 12.12    0.02510 

5. 40 W Zr 1.51 0.3589 190 ± 2.5 13.6 ± 1.0 101.7 ± 1.0 13.6    0.02680 
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The surface topography of Ni3Al and Zr-Ni3Al coatings is characterized using 

atomic force microscopy (AFM). An area of 50 x 50 µm2 at 10 different spots 

of the deposited samples have been scanned to calculate the surface roughness 

(rms) whereas an area of 10 x 10 µm2 and 5 x 5 µm2 was scanned to reveal the 

2D and 3D surface topography of each coating. The 2D and 3D AFM images 

of the synthesized coatings have been shown in figure 5.16 and figure 5.17 

respectively.  

 

Figure 5.17: 3D AFM images of Zr-Ni3Al films (a) 0 W Zr (b) 10 W Zr (c) 20 

W Zr (d) 30 W Cr (e) 40 W Zr 

 

From figure 5.17, it can be observed that the film deposited with 0 W 

Zr showed a large number of homogeneously distributed equiaxed pyramid 



CHAPTER 5: Doped Ni3Al films 

106 
 

like dense asperities. With increase in the percentage of Zr content in the 

Ni3Al matrix, the pyramid structured asperities undergo a transformation into 

large dome-like structures due to clustering of crystallites. The continuous and 

progressive development of these dome-like structures degrade the 

microstructure of the deposited films that can be observed in FE-SEM images 

(figure 5.13). This degradation is attributed to the increased void fraction 

within the coatings. The surface roughness of the coatings calculated using the 

inbuilt software in AFM has been reported in table 5.4. The minimum and 

maximum surface roughness of 7.2 nm and 13.6 nm has been observed for 0 

W Zr and 40 W Zr respectively. 

 

Figure 5.18: Contact angles of Zr-Ni3Al films as a function of Zr enrichment 

(a) 0 W Zr (b) 10 W Zr (c) 20 W Zr (d) 30 W Cr (e) 40 W Zr 
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The wettability of the deposited Zr-Ni3Al films has been studied using 

Drop shape analyzer at room temperature in terms of contact angles. The 

evaluation of contact angles between the distilled water and deposited surface 

is carried out on drop shape analyzer in steady state conditions. The results of 

the measurements have been displayed in figure 5.18.  

From the figure, it can be observed that the Ni3Al coating synthesized 

with 0 W Zr showed the minimum value of contact angle which increases with 

rise in percentage of Zr in Ni3Al matrix. This could be the result of continuous 

rise in the surface roughness of the coating as the presence of the high 

intensity of the surface asperities and large number of void fractions decreases 

the interaction of water droplets with the deposited surface [100]. This is 

because the large volume of air is trapped between the surface asperities and 

water droplets and hence the surface interaction of water is decreased resulting 

in increasing the hydrophobic property of the film. The minimum and 

maximum value of 77.3° and 101.7° has been recorded for 0 W Zr and 40 W 

Zr films respectively.  

A quasi-static, depth-controlled nanoindentation was performed to 

calculate the mechanical properties in terms of modulus and hardness at room 

temperature. The indentation was performed at 10 different places of 

deposited surface to calculate the average values of Young’s modulus and 

hardness as shown in figure 5.19. From the figure it can be perceived that the 

hardness of the film decreases with rise in the concentration of Zr in the host 

Ni3Al matrix. This is because of the generation of higher percentage of 

porosity due to grain coarsening which lead to the distortion of the 

microstructure. It has been reported in literature that the mechanical properties 

are highly governed by grain size and grain growth mechanism [88].  

Figure 5.20 shows the relationship between hardness and inverse 

square root of grain size. From the figure it is observed that the hardness of the 

film is directly proportional to the inverse square root of grain size indicating 

that the hardness of the film decreases with increase in grain size following the 

classical Hall-Petch relation. This indicates that the hardness of the film 

decreases with enhancement in grain size following the dislocation pileup 
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model. Moreover, the value of R2 is close to 1 (R2 = 0.94) which suggests that 

the regression line fits the data well resulting in a high value of H-P coefficient 

[slope = 136.5109 ± 20.5064 GPa (nm1/2)]. 

From figure 5.19, it is also observed that the evolution of Young’s 

modulus also follows the same trend as that of hardness. It has been reported 

in literature that along with the Hall-Petch mechanism, the mechanical 

properties of Ni3Al in bulk and thin film form are highly influenced by the 

formation of stable ordered intermetallic L12 phase of FCC structure [88], 

[97], [103]. 

 However, in our case, with increasing the Zr content in the Ni3Al film, 

a subsequent and continuous shift in XRD peak of (111) plane towards the 

lower angle is observed (figure 5.12) which states that the stable L12 phase of 

Ni3Al is distorted resulting in degrading the mechanical properties of the 

deposited films. 

 

Figure 5.19: Hardness and Young’s modulus of Zr-Ni3Al films as a function 

of power to Zr target 



CHAPTER 5: Doped Ni3Al films 

109 
 

 

Figure 5.20: Hall-Petch relationship in Ni3Al and Zr-Ni3Al films 

The load versus displacement curve of Zr-Ni3Al films have been plotted in 

figure 5.21. The figure shows a depth control loading and unloading process 

with a maximum and minimum load of 2.82 mN and 1.95 mN for 0 W Zr and 

40 W Zr films respectively. Both elastic and plastic deformation can be 

perceived during loading for all the deposited films whereas only elastic 

deformation is observed during the unloading process. It can be observed that 

0 W Zr films showed a permanent deformation depth of 25 nm whereas the 

Ni3Al film enriched with 10 W Zr and 20 W Zr have showed the permanent 

deformation depth of 55 nm. The maximum deformation depth of 58 nm is 

shown by the film deposited with 30 W Zr and 40 W Zr content. This shows 

that the 0 W Zr film exhibits a better rate of elastic recovery as compared to 

other films. This continuous and subsequent increase in permanent 

deformation suggests that the film gets soften by enriching Zr in Ni3Al matrix 

resulting in decreasing the overall hardness of the film. Moreover, from the 

figure, it can be observed that to penetrate a constant depth during 

nanoindentation for all the films, the maximum applied load has been recorded 
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for 0 W Zr film suggesting that the film is harder as compared to other 

deposited films with Zr enrichment. Same kind of results have been observed 

by several research groups when they doped Ni3Al films in form of multilayer 

films. However, a very limited literature has been reported so far in case in 

synthesizing and characterizing doped Ni3Al films in alloy form. In this study 

the maximum and minimum hardness and Young’s modulus of (12.8 ± 0.8 

GPa), (205 ± 15 GPa) and (8.07 ± 0.6 GPa), (137 ± 5.5 GPa) has been 

observed for 0 W Zr and 40 W Zr coatings respectively. 

 

Figure 5.21: Load versus displacement graph of Zr-Ni3Al films 

 

5.2.4 CONCLUSION 

Alloy Ni3Al films with the variation of Zr content have been synthesized using 

Magnetron sputtering at a substrate temperature of 400℃. The chemical 

composition, surface morphology, and mechanical properties of the deposited 

coatings have been investigated. The results of EDS the increase in 
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concentration of Zr in host Ni3Al with increase in power to Zr target. The 

XRD spectra of the coatings shows a preferred orientation of (111) plane 

which also corresponds to the standard ordered-intermetallic L12 structure of 

Ni3Al. NO peak corresponding to Zr is observed. However, a continuous shift 

in XRD peak towards the lower angle is observed. It has been found that the 

enrichment of Zr in host Ni3Al has resulted in enlargement of grains which 

contributed to the generation of porosity and increased surface roughness. The 

largest grain size (190 ± 2.5), highest percentage of porosity (13.6%) and 

highest roughness (13.6 nm) have been observed for Ni3Al films enriched with 

40 W Zr content. The highest hardness and Young’s modulus of (12.8 ± 0.8 

GPa) and (205 ± 15 GPa) has been observed for 0 W Zr coatings. The results 

of water drop shape analysis reflected an increase in the value of contact angle 

with increase in Zr content in the Ni3Al matrix. The maximum contact angle 

of 101.7° has been recorded for 40 W Zr coatings.  

 



 

 
 

 

 

 

 

 

 

CHAPTER 6 

SYNTHESIS AND CHARACTERIZATION OF 

OXIDATION-RESISTANT PROPERTIES OF DC-CO-

SPUTTERED DOPED Ni3Al FILMS
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6.1 DC MAGNETRON CO-SPUTTERED Cr-Ni3Al FILMS 

In this section, the evolution of phase, microstructure, adhesion and resistance 

to oxidation at high temperatures of Ni3Al and Cr-Ni3Al films have been 

explored and discussed in detail. The films were synthesized over INCONEL-

718 at a substrate temperature of 400℃ via DC magnetron co-sputtering 

process. The evolution of phase, microstructure, surface morphology and 

adhesion of the deposited films have been characterized using XRD, FESEM, 

AFM and nanoindentation respectively. A high-temperature oxidation test was 

carried out in open air using a split furnace and weighing balance. 

6.1.1 INTRODUCTION 

Transition metal nitride coatings are well-established coatings that provide 

protection to the parent material in terms of improved tribological and 

mechanical properties [233]–[235]. These films have been broadly used in 

aerospace, marine industries and various structural and decorative applications 

[162], [163], [196], [236]. However, these nitrides didn’t prove themselves the 

best candidate for their use at elevated temperatures. Over the last five 

decades, the continuous demands for materials for their applications at high-

temperature attracted the eyes of researchers toward bulk nickel superalloy. 

Ni-superalloy has shown excellent thermal stability without losing much in 

high-temperature strength. However, for application at high temperatures like 

in gas turbine blades and jet engines, these material experiences cyclic and 

mechanical loads along with corrosion and oxidation attacks [186]. In order to 

protect these materials from cyclic attacks, NiAl and Ni3Al-based coatings 

have been extensively researched in the last two decades. These coatings 

possess excellent corrosion and oxidation resistance properties even at 

elevated temperatures of 900℃. In particular, polycrystalline intermetallic 

Ni3Al-based coatings have been recognized for their use at elevated 

temperatures as they exhibit extraordinary properties like corrosion and 

oxidation resistance, creep and fatigue resistance, stability at elevated 

temperature, improved stiffness, tribological and mechanical properties. Ni3Al 

intermetallic compounds show brittle properties at ambient temperature. 

However, researchers have doped host Ni3Al films with different materials 
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like Boron, Palladium, Zirconium and Chromium to overcome the brittle 

fracture at room temperature and improve the mechanical strength too [79], 

[86], [237]. It has been reported that the Ni3Al films in the form of alloy or 

multilayered structure have shown the hardness in the range of 4 to 14 GPa 

whereas the coatings are also able to protect the material from being 

drastically oxidized at 900℃. Research has been done by several groups to 

enhance the hardness of the Ni3Al films by synthesizing them in multilayer 

films followed by annealing at different temperatures. In our previous work, 

alloy Ni-rich Ni3Al films were fabricated using DC magnetron sputtering 

where we observed that the Ni3Al films deposited over heated silicon at 400℃ 

exhibited highest hardness of nearly 13 GPa. It has been stated in literature 

that there are several factors like the microstructure of the film, the dopants 

used, the L12 phase formed and the deposition technique which influences the 

properties of Ni3Al based thin film coatings. Several studies reflect that Ni3Al-

based coatings with L12 structure are able to protect the material from being 

oxidized at elevated temperatures [86], [238]. This is because the Ni3Al film is 

able to form the layer of Al2O3 which prevents the parent material from 

oxidation attacks. Rahman et al., [186] deposited NiAl thin film on Superni-

718 substrate using co-sputtering process and tested them against the cyclic 

oxidation at 900℃ for 50 cycles where each cycle involved 60 minutes of 

heating and 30 minutes of cooling in air. The outcomes of the research showed 

that the coating deposited at 350℃ showed the best oxidation-resistant 

properties because of the formation of oxidation-resistant oxide layers of 

Al2O3 and Cr2O3. Xing et al., [86] deposited Ni3Al and Cr/Ni3Al multilayered 

coatings via magnetron sputtering over heated substrate at 400℃. They 

examined the mechanical properties of the film at ambient temperature where 

the studies for oxidation was carried out at 900℃, 1000℃ and 1100℃. They 

observed a gradual fall in the hardness of the deposited coatings whereas the 

modulus improved with increase in the concentration of Cr. The results of the 

oxidation test disclosed that the Cr/Ni3Al films were able to protect the parent 

material from being oxidized even at 1100℃ and showed better resistance to 

oxidation than pure Ni3Al films. Khakpour et al., [239] synthesized Zr-doped 

aluminide coatings over Inc-738 substrate using pack cementation. They used 
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ZrOCl2.8H2O/NH4Cl powder as activators, 30% Al-Cr as compound and 

Al2O3 and Al as filler materials. The cyclic oxidation test was carried out at 

1100℃ for maximum of 50 cycles where individual cycle involved 60 minutes 

of heating followed by weight change measurements after 10 minutes of 

cooling. They found that the films modified by Zr showed improved 

oxidation-resistant properties as compared to undoped coatings. There are 

some studies reported in literature reflecting the effect of substrate 

temperatures, the chemical composition, dopants and variation in deposition 

parameters on oxidation-resistant properties of pure Ni3Al or multilayered 

Ni3Al based thin films but not even single research in literature elucidates the 

consequence of using dopant in the host Ni3Al films in alloy form. This 

research reflects the effect of Cr enrichment on surface morphology and 

oxidation-resistant properties of Ni3Al coatings deposited in alloy form 

6.1.2 EXPERIMENTAL DETAILS 

6.1.2.1 Synthesis of Ni3Al and Cr-Ni3Al films 

Ni3Al and Cr-Ni3Al films were deposited over Inconel-718 using custom-

designed DC magnetron sputtering (Excel Instruments, India) and co-

sputtering respectively at substrate temperature of 400℃. The substrates were 

prepared in the dimension of (10 x 10 x 3) mm and polished with different grit 

sized SiC papers from 500 to 2500 grits and then polished with 0.25µm sized 

diamond paste. Further, they were cleaned in acetone via ultrasonication and 

air-dried prior to clamping to the substrate holder in vacuum chamber. The 

elemental composition of the substrate has been indexed in table 6.1. Both 

Ni3Al (99.99%) and Cr (99.99%) sputter targets (2 inches dia & 2 mm thick) 

were placed in respective sputtering guns at a confocal arrangement of 30° 

apart from each other. The chamber was evacuated at a base pressure of 3 x 

10-6 mbar to eradicate the impurities from the chamber walls and substrates. 

Argon (purity 99.999%) as a process gas was inserted in the chamber and the 

sputtering pressure of 3 x 10-2 mbar was maintained throughout the 

experiment. The substrate holder was rotated at a speed of 15 rpm to ensure 

the homogeneous deposition of the film. A pre-sputtering for ten minutes was 

performed to eradicate the impurities from the surface of both the sputter 
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targets while the actual sputtering was performed for 60 minutes. The Ni3Al 

target was supplied with a constant DC power of 250 W while the DC power 

to the Cr target was varied as 0 W, 10 W, 20 W and 30 W to vary the Cr 

content in host Ni3Al film. Four samples with different content of Cr were 

deposited namely 0 W Cr, 10 W Cr, 20 W Cr and 30 W Cr. During the 

experiment all the sputtering parameters were carefully monitored and kept 

constant. The parameters of deposition of Cr-Ni3Al coatings are indexed in 

table 6.2. 

Table 6.1: Elemental composition of INCONEL-718 

Elements Ni Cr Fe Nb Mo Ti Al Mn Si Co S C 

Composition (wt%) 53.293 17.4 19.7 4.8 3.25 0.96 0.5 0.03 0.03 0.01 0.007 0.02 

 

Table 6.2: Sputtering parameters for depositing Zr-Ni3Al films with variation 

in Zr content 

Targets Cr & Ni3Al 

Substrates Inconel-718 

Base pressure 3 x 10-6 mbar 

Sputtering gas Argon (30 sccm) 

Sputtering pressure 3 x 10-2 mbar 

Sputtering power (Ni3Al) 250 W DC 

Sputtering power (Cr) 0 W, 10 W, 20 W and 30 W  

Substrate temperature 400℃ 

Deposition time 60 minutes 

 

6.1.2.2 Characterization details 

XRD measurements were performed on Bruker D8 ADVANCE ECO at 

ambient temperature with CuKα = 0.154 nm to identify the different phases of 

the substrate and deposited films before and after the oxidation test. The tests 

were conducted in the 2-theta range of 20 to 80 degrees with a scan rate of 

0.02°/sec. The surface topography and the microstructural morphology of the 

coatings were characterized using atomic force microscopy (NaioAFM, 

Nanosurf, Switzerland) and FESEM (Nova NanoSEM 450, FEI) respectively 
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at room temperature. The elemental composition of the deposited films was 

characterized using EDS (Ametek) attached to the FESEM setup.  

The adhesion strength of the coatings was characterized via a nano indenter 

(hysteron) scratch test at ambient temperature. A diamond Berkovich tip was 

used to scratch the deposited films in the edge forward direction with a scratch 

speed of 0.66 µm/sec. The applied progressive load was continuously 

increased from 0 µN to 1750 µN to scratch a distance of 10 µm.  

Cyclic oxidation was performed at 900℃, 1000℃ and 1100℃ for 30 cycles to 

investigate the kinetics of oxidation in actual aggressive conditions. Each 

cycle consisted of 60 minutes of heating and 30 minutes of cooling followed 

by weight gain/loss measurements. The mirror-finished uncoated substrate and 

deposited Ni3Al and Cr-Ni3Al films were exposed to high temperatures in the 

open-air environment. The samples were placed in an alumina boat and were 

heated in a Split furnace (City Instruments, India). The samples cooled down 

to room temperature after 30 minutes of cooling in air and then weight change 

along with spallation (if any) after each cycle was measured using weighing 

balance (Sartorius, readability-0.01 mg) to articulate the kinetics of oxidation. 

The oxidized samples after the completion of 30 cycles at individual 

temperatures were characterized using XRD, FESEM, AFM and EDX to study 

the phase formation, microstructural changes, surface topography and 

elemental composition respectively. 

6.1.3 RESULTS AND DISCUSSION 

The Inconel-718 substrate upon mirror finishing showed dark silver color 

whereas the deposited Ni3Al and Cr-Ni3Al films showed black color. After 30 

cycles of oxidation at 900℃, the substrate changed to dark brown whereas the 

Cr-Ni3Al deposited samples showed a mix color of blue and green. With the 

rise in oxidation temperature the color of the uncoated and coated samples 

changed to dark black and black respectively. The change in colors of the 

samples after oxidation at different temperatures indicates the formation of 

different oxide layers on the surface of the material.  
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Figure 6.1 reflects the XRD spectra of Inconel-718 and as-deposited Ni3Al 

and Cr-Ni3Al films. It is observed that the Inconel-718 showed a major 

diffraction peak of Ni at 43.86° (111), 50.97° (200) and 74.98° (220). The 0 W 

Cr sample showed major diffraction peak at 44.26° (111), 51. 4° (200) and 

75.42° (220) of FCC structure. These diffraction peaks are also in accord with 

the standard intermetallic L12 structure of Ni3Al positioned at 44.11° (111), 

51.39° (200) and 75.64° (220) [86]. With increase in the concentration of Cr in 

the samples, a continuous and subsequent shift in XRD spectra towards the 

lower angle is observed. The shift in the prominent peak of Ni3Al and Cr-

Ni3Al (111) is shown in figure 6.2. This shift could be the result of the 

presence of microstrain in the film as larger Cr atoms (128 pm) replace 

smaller Ni (124 pm) from the host Ni3Al matrix. The value of strain in Ni3Al 

and Cr-Ni3Al calculated using equation 5.1, Chapter 5, is shown in table 6.3. 

The substrate (Inconel-718) showed the preferred orientation of Ni (111) 

whereas all the deposited Ni3Al and Cr-Ni3Al films possessed a common 

preferred orientation of Ni3Al (111) texture. Figure 6.3 shows the XRD 

spectra of substrates, Ni3Al and Cr-Ni3Al films oxidized at various 

temperatures. From figure 6.3 (a) it can be seen that the XRD spectrum of 

oxidized substrate showed the preferred orientation of NiO (200) followed by 

low-intensity peak of Ni (111) and Ni (220) whereas the deposited Cr-Ni3Al 

films showed the preferred orientation of Ni3Al (111). The XRD spectrum of 

the substrate also shows different oxide peaks of Cr2O3 and Fe2O3. The spectra 

of the substrate and the coatings confirm that the substrate along with the 

deposited films gets oxidized however an additional peak of Al2O3 is observed 

in Ni3Al and Cr-Ni3Al films. From figure 6.3 (b) and figure 6.3 (c) it is seen 

that substrate showed the high-intensity peak of NiO (200) as a result of 

oxidation at 1000℃ and 1100℃. With increase in the oxidation temperature, 

the evolution of NiO (220) and Fe2O3 (110) is observed. This indicates that the 

substrates are more prone to oxidation at 1000℃ and 1100℃. However, the 

presence of XRD peaks of Cr2O3 and Al2O3 in oxidized Cr-Ni3Al films 

confirms the presence of respective oxide layers protecting the surface from 

being drastically oxidized. 
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Figure 6.1: XRD Spectra of substrate, Ni3Al and Cr-Ni3Al films 

 

Figure 6.2: Peak shift in the prominent peak (111) of XRD Spectra of Ni3Al 

and Cr-Ni3Al films 
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Figure 6.3 (a): XRD spectra of the oxidized substrate, Ni3Al and Cr-Ni3Al 

films at 900 ℃  

 

Figure 6.3 (b): XRD spectra of the oxidized substrate, Ni3Al and Cr-Ni3Al 

films at 1000 ℃  

a 

b 
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Figure 6.3 (c): XRD spectra of the oxidized substrate, Ni3Al and Cr-Ni3Al 

films at 1100 ℃ 

 

Table 6.3: Calculated grain size, porosity, surface roughness and microstrain 

in Cr-Ni3Al films 

SN Sample Cr (%) Grain 

size 

(nm) 

Porosity 

(%) 

Roughness 

(nm) 

Strain 

1 Substrate 17.4 NA NA 17.00 ± 0.50 0.00283 

2 0 W Cr 0.00 88 ± 2.5 9.10 16.16 ± 0.50 0.00348 

3 10 W Cr 1.10 84 ± 2.5 8.76 15.50 ± 0.50 0.00354 

4 20 W Cr 2.30 78 ± 1.5 8.19 13.70 ± 0.50 0.00363 

5 30 W Cr 5.70 71 ± 1.5 7.66 12.40 ± 0.50 0.00379 

 

Figure 6.4 reflects the microstructure of synthesized Ni3Al and Cr-

Ni3Al coatings. From the figure it can be observed that the films possessed 

equisized densely packed grains reflecting a smooth homogeneous surface. 

However, the film with 0 W Cr or 10 W Cr shows the higher percentage of 

pores over the surface which decreases with increase in Cr content in the film. 

c 
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This led to a decrease in surface roughness as the presence of void fraction 

decreased.  

 

Figure 6.4: FESEM images of Cr-Ni3Al films (a) 0 W Cr (b) 10 W Cr (c) 20 

W Cr (d) 30 W Cr 

 

 

Figure 6.5: Cross-sectional thickness of deposited films (a) 0 W Cr (b) 10 W 

Cr (c) 20 W Cr (d) 30 W Cr 
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Image J software was used to calculate the grain size and porosity in the film 

from the FESEM images. Results revealed that the 0 W Cr possesses the 

maximum percentage of porosity (9.10 %) and the highest value of the grain 

size (88 ± 2.5) nm whereas the 30 W Cr possesses the lowest percentage of 

porosity (7.66 %) and least value of grain size (71 ± 1.5 nm).  The cross-

sectional thickness of the films is displayed in figure 6.5. The thickness of the 

film increased with increase in the Cr content with the evidence of the 

formation of columnar grains that grow with respect to increase in the 

deposition time and Cr content.  

 

 

Figure 6.6: FESEM images of oxidized samples at 900℃ (a) Substrate (b) 0 

W Cr (c) 10 W Cr (d) 20 W Cr (c) 30 W Cr 
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Figure 6.7: FESEM images of oxidized samples at 1000℃ (a) Substrate (b) 0 

W Cr (c) 10 W Cr (d) 20 W Cr (e) 30 W Cr 

 

The microstructure of the substrates and deposited films oxidized at 900℃, 

1000℃ and 1100℃ have been shown in figure 6.6, figure 6.7 and figure 6.8 

respectively. Furthermore, the elemental composition of the film after 

oxidation at various temperatures has been indexed in table 6.4. The 

microstructure of the substrate oxidized at various temperatures displays the 

existence of nano cracks and pores as a result of spallation of the oxidation 

layers from the surface of the substrate. At oxidation temperature of 900℃ 

(figure 6.6), the 0 W Cr film showed the presence of microcracks which 

further decreased with increase in Cr concentration and finally disappeared in 

30 W Cr film with the formation of compact integrity of larger grains. Increase 

in the percentage of Al as shown in table 6.4, indicates the formation of a high 

percentage of Al2O3 oxide layer which prevents the substrate from being 
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drastically oxidized at 900℃. Furthermore, at an oxidation temperature of 

1000℃, the EDS data shows a smaller amount of Al as compared to that of 

900℃. This indicates a higher rate of oxidation which results in the 

development of a larger volume of pores in the microstructure of the substrate 

and the deposited film as displayed in figure 6.7.  

 
Figure 6.8: FESEM images of oxidized samples at 1100℃ (a) Substrate (b) 0 

W Cr (c) 10 W Cr (d) 20 W Cr (e) 30 W Cr 

 

However, it is found that the grain size of the film decreases with rise in the 

concentration of Cr when oxidized at the temperature of 1000℃. The substrate 

and 0 W Cr film showed a higher rate of spallation with maximum percentage 

of cracks and pores when oxidized at 1100℃ (figure 6.8). This could be the 

result of the formation of low percentage of protective Al2O3 and Cr2O3 layers 

as there is a continuous spallation of oxidation layers followed by further 

oxidation. 10 W Cr films showed less spalled structures with visible micro 

pores promoting oxidation that disappears in 20 W Cr and 30 W Cr. 
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Table 6.4: EDS results of substrate and Cr-Ni3Al films oxidized at different 

temperatures 

Elements Oxidized at 900℃ Oxidized at 1000℃ Oxidized at 1100℃ 
 

0 W 

Cr 
10 W 

Cr 
20 W 

Cr 
30 W 

Cr 
0 W 

Cr 
10 W 

Cr 
20 W 

Cr 
30 W 

Cr 
0 W 

Cr 
10 W 

Cr 
20 W 

Cr 
30 W 

Cr 

OK 

(at%) 
51.12 50.27 45.63 41.66 53.87 43.98 43.35 39.31 74.14 47.45 48.97 54.22 

AlK 

(at%) 
2.55 3.33 10.32 13.23 0.72 1.96 4.69 5.30 1.21 0.58 0.86 1.78 

CrK 

(at%) 
0.5 1.89 3.46 3.60 0.62 3.48 3.15 4.61 1.3 2.17 2.06 2.90 

NiK 

(at%) 
45.83 44.51 40.58 41.51 44.79 50.58 48.81 50.78 23.36 49.81 48.12 41.11 

 

The surface topography and the surface properties of substrate and as-

deposited Ni3Al and Cr-Ni3Al films have been shown in figure 6.9. An area of 

50 x 50 µm2 was scanned in contact mode using a cantilever probe of AFM to 

analyze and calculate the surface topography and roughness (rms) of the 

deposited coatings. From figure 6.9 (a) it can be seen that the substrate 

showed a unidirectional arrangement of surface asperities as a result of surface 

polishing. The as-deposited Ni3Al figure 6.9 (b) and Cr enriched Ni3Al films 

figure 6.9 (c, d, e) showed almost similar surface topography consisting of 

unidirectional orientation of hill-type nano asperities. However, with rise in 

concentration of Cr in the host Ni3Al matrix, the surface roughness (rms) of 

the coating decreases as indexed in table 6.3. The surface topography of the 

deposited coatings degraded as a result of high-temperature oxidation as 

shown in figure 6.10. This is because of the absorption of oxygen in the film 

that promotes the formation of dome-shaped larger asperities which are non-

uniformly distributed over the deposited surface. The results of AFM reveal 

that the surface roughness of the Ni3Al and Cr-Ni3Al coatings increases with 

rise in oxidation temperature. However, the surface roughness declines as a 

result of increase in Cr content in host Ni3Al alloy films. The values of surface 

roughness of the oxidized substrates and films have been tabulated in table 

6.5. 



CHAPTER 6: Oxidation studies of doped Ni3Al films 

127 
 

 

Figure 6.9: 3D AFM images of substrate as-deposited Cr-Ni3Al films (a) 

Substrate (b) 0 W Cr (c) 10 W Cr (d) 20 W Cr (e) 30 W Cr 

 

Table 6.5: Surface roughness of oxidized Ni3Al and Cr-Ni3Al films 

SN Sample Surface 

roughness of 

as-deposited 

films (nm) 

Surface 

roughness after 

oxidation at 

900℃ (nm) 

Surface 

roughness 

after oxidation 

at 1000℃ 

(nm) 

Surface 

roughness 

after oxidation 

at 1100℃ 

(nm) 

1. Substrate 17.00 ± 0.50 139 ± 2.0 291 ± 5.0 484 ± 8.0 

2. 0 W Cr 16.16 ± 0.50 125 ± 2.0 253 ± 5.0 305 ± 5.0 

3. 10 W Cr 15.50 ± 0.50 72 ± 1.5 179 ± 3.0 241 ± 4.0 

4. 20 W Cr 13.70 ± 0.50 26 ± 1.0 117 ± 1.5 122 ± 1.5 

5. 30 W Cr 12.40 ± 0.50 21 ± 1.0 55 ± 1.5 84 ± 1.5 
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Figure 6.10: 3D AFM images of Substrate, Ni3Al and Cr-Ni3Al films 

oxidized at different temperatures 

 

Nanoindentation was used to study the adhesive properties of Ni3Al and Cr-

Ni3Al films at room temperature. The relation between the normal load and 

friction coefficient is plotted in figure 6.11.  
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Figure 6.11: Relationship between normal load and friction coefficient of the 

substrate, Ni3Al and Cr-Ni3Al films 

 

From the figure 6.11 it can be seen that all the synthesized coatings along with 

the substrate showed a high coefficient of friction with a high amplitude of 

vibrations in stage 1. This could be the result of high resistance to deformation 

during the initial loading of indentation in stage 1. This is evidence of the 

formation of microcracks at the edges of the scratch line cavity. Furthermore, 

with an increase in progressive load beyond 200 µN, a constant coefficient of 

friction with low amplitude of vibrations is observed indicating the formation 

of microcracks at the edges of the scratch cavity. The high amplitude of 

vibration in the substrate throughout the scratch length indicates formation of 

larger cracks resulting in the high rate of variations in coefficient of friction. 

However, it can be seen that with rise in concentration of Cr in host Ni3Al, the 

coefficient of friction increases. This shows that the rate of delamination 
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declines with rise in concentration of Cr in the Ni3Al film. Hence the adhesion 

strength of the Ni3Al films increases with increase in the Cr concentration. 

The results of weight change per unit area versus the number of cycles as a 

result of oxidation have been plotted in figure 6.12 to understand the kinetics 

of oxidation.  

 

Figure 6.12: Weight gain/area versus number of cycles (a) Cr-Ni3Al oxidized 

at 900℃ (b) Cr-Ni3Al oxidized at 1000℃ (c) Cr-Ni3Al oxidized at 1100℃ 

 

From figure 6.12 (a), it is found that the substrate is more prone to oxidation 

at 900℃ under cyclic oxidation. However, a subsequent and continuous 

decrease in weight gain is observed as result of increase in Cr content in the 

film indicating a slow rate of oxidation. This could be the result of the 

formation of oxide layers over the deposited films. The same kind of result in 

terms of weight gain is observed for the substrate and films oxidized at 

1000℃ as shown in figure 6.12 (b). A continuous weight gain by the substrate 

shows a linear pattern up to 10 cycles whereas 0 W Cr and 10 W Cr showed 
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the increment in weight gain up to 14 cycles when oxidized at 1100℃ as 

shown in figure 6.12 (c). A discontinuity in the weight gain and weight loss is 

observed after the 10th cycle for the bare substrate, and the 14th cycle for 0 W 

Cr and 10 W Cr films. The drop in weight is due to the removal of the 

oxidized layer from the surface of the substrate and the peeling of the thin film 

due to the edge effect [240]. However, the appearance of the fresh surface at 

higher temperatures leads to further oxidation resulting in weight gain. The 

oxidation kinetic curves of the substrate and deposited films oxidized at 

different temperatures have been shown in figure 6.13. The square of weight 

change per unit area for the substrate and films oxidized at 900℃ showed a 

linear trend of weight gain with respect to time. This is because of the slow 

rate of oxidation as the chemical reaction between the oxygen and the metal is 

slow. This could be the result of the formation of the compact integrity of 

adherent protective oxide layers of Cr2O3 and Al2O3 which prohibits the 

diffusion of oxygen to the surface [86]. The films oxidized at 1000℃ have 

also shown a similar trend except the weight gain by the substrate is prominent 

up to 1st half of the cycles. However, the results of the square of weight 

change per unit area for the substrate and films oxidized at 1100℃ is close to 

a linear trend up to 10 cycles of oxidation beyond which a discontinuity in 

weight change is observed as shown in figure 6.14. This discontinuity could 

be the result of extreme diffusion of oxygen which accelerates the chemical 

reaction and penetrates through the oxide layers to react with the metal surface 

leading to a rise in the rate of oxidation. This high rate of oxidation further 

leads to the development of another oxidation layer that contributes to further 

oxidations and thus results in spalling of the oxide layer. A sudden weight loss 

observed after 10 cycles for both the substrate and deposited films at 1100℃ 

is because of the removal of the oxide layers from the surface. The results 

conclude that the change in square of weight per unit area at 900℃, 1000℃ 

and 1100℃ reflects parabolic characteristics of oxidation kinetics. The values 

of the parabolic rate constant (Kp) of the substrate and Cr-Ni3Al films 

calculated from the slope of the linear regression fitted line have been 

mentioned in table 6.6. It is observed that the value of the parabolic rate 

constant (Kp) increases with rise in the oxidation temperature indicating a high 
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rate of continuous oxidation. However, it decreases with increase in Cr 

concentration in the films [186]. 

 

 

Figure 6.13: Parabolic characteristics of oxidation kinetics (a) Cr-Ni3Al 

oxidized at 900℃ (b) Cr-Ni3Al oxidized at 1000℃ (c) Cr-Ni3Al oxidized at 

1100℃ 

 

 

Figure 6.14: Parabolic characteristics of oxidation kinetics (a) Cr-Ni3Al 

oxidized at 1100℃ up to 10 cycles (b) Cr-Ni3Al oxidized at 1100℃ from 11 

to 30 cycles. 
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Table 6.6: Parabolic rate constant of substrate and deposited Cr-Ni3Al films  

SN Samples Parabolic rate constant (Kp) 

  900℃ 1000℃ 1100℃ 

1 Substrate 0.20247 ± 0.00164 1.55476 ± 0.08745 5.26812 ± 0.93944 

2 0 W Cr 0.04691 ± 0.00202 0.55889 ± 0.01284 6.65231 ± 0.71215 

3 10 W Cr 0.02975 ± 0.00106 0.42651 ± 0.00741 6.25606 ± 0.90077 

4 20 W Cr 0.0252 ± 0.00094 0.32682 ± 0.0055 4.87686 ± 0.50187 

5 30 W Cr 0.02233 ± 0.00082 0.26719 ± 0.00413 4.62594 ± 0.33453 

 

6.1.4 CONCLUSION 

Ni3Al and Cr-Ni3Al coatings were synthesized using DC magnetron 

sputtering. The phase formation, microstructure, surface topography and 

oxidation kinetics of the substrate and deposited coatings have been studied. 

The results of the XRD spectrum showed the preferred orientation of Ni3Al 

(111) for Ni3Al and Cr-Ni3Al films where as a preferred orientation of Ni 

(111) has been shown for substrate. The XRD spectra of Cr-Ni3Al films 

showed a peak shift towards lower degree of angle with increase in Cr content 

in host Ni3Al. Results of FESEM showed the presence of microcracks in 0 W 

Cr and 10 W Cr which decreases with increase in Cr content in host Ni3Al 

films. Accordingly, the AFM results reflected a subsequent and continuous 

decline in the surface roughness of the coating. The maximum and minimum 

roughness values of 16.16 ± 0.50 nm and 12.40 ± 0.50 nm have been obtained 

for 0 W Cr and 30 W Cr respectively. The results of the scratch test showed 

that with increase in Cr concentration in Ni3Al film, the adhesion strength 

between the deposited film and substrate increases. The deposited films and 

the substrate were exposed to high temperatures experiencing the actual cyclic 

attack of oxidation. Results of the tests revealed that all the films along with 

the substrate oxidized at high temperatures. However, the presence of Cr and 

the development of Al2O3 and Cr2O3 layer at high temperatures protects the 

superalloy from being drastically oxidized. It is found that, with rise in 

oxidation temperature, the value of the parabolic rate constant (Kp) increases 

indicating a higher rate of oxidation. It decreases with an increase in 

concentration of Cr indicating a lower rate of oxidation. The results of cyclic 
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oxidation and parabolic rate constant reveal that the superalloy and the films 

have a tendency to continuous oxidation.  30 W Cr has shown the slowest rate 

of oxidation among all the Cr-Ni3Al at all tested oxidation temperatures.  
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6.2 DC MAGNETRON CO-SPUTTERED Zr-Ni3Al FILMS 

In this section, the evolution of phase, microstructure, adhesion and high-

temperature oxidation resistance properties of Ni3Al and Zr-Ni3Al films have 

been explored and discussed in detail using the same characterization 

techniques discussed in SECTION 6.1.  

6.2.1 INTRODUCTION 

In the last two decades transition metal-based coatings have been widely 

explored by several researchers in order to achieve enhanced properties in 

terms of hardness, wear resistance, fatigue and creep resistance along with 

thermal stability [13], [20], [226], [241]–[244]. These coatings have been used 

in automobile, aerospace, microchip, MEMS and marine industries [13], [20], 

[163], [226], [241]–[248]. However, the demand for coatings for their 

application at high temperatures has attracted the eyes of researchers toward 

Ni based coatings especially NiAl and Ni3Al coatings. Several researchers 

have fabricated Ni3Al-based coatings in multilayer form and found that these 

films possess high-temperature oxidation resistant properties with enhanced 

durability [68], [86], [89].  

Yavorska et al., [249] deposited Zr-doped NiAl coatings on pure nickel 

substrate using the chemical vapor deposition method. They observed that the 

better oxidation test of Zr-Nial coating was achieved when the atomic percent 

of Zr was less than 1 at % in the film. Khakpour et al., [239] deposited pure 

aluminide and Zr-doped aluminide coatings on Inc-738 using a pack 

aluminizing process where they used NH4Cl as an activator. They found that 

the Zr-doped aluminide coating showed better resistance against oxidation as 

compared to pure aluminide coatings. Yovorska et al., [230] deposited Zr-

doped aluminide coatings on M247 and M200 superalloys using the chemical 

vapor deposition method. They proclaimed that the addition of Zr in aluminide 

coatings improved the oxidation resistance properties of superalloys. 

 However, there is very limited literature reported so far explaining the 

oxidation-resistant properties of doped Ni3Al films in alloy form. This work 

reports the synthesis and characterization of Ni3Al and Zr doped Ni3Al films 
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in alloy form for their microstructural, adhesive and high-temperature 

oxidation resistant properties. 

6.2.2 EXPERIMENTAL DETAILS 

6.2.2.1 Synthesis of Ni3Al and Zr-Ni3Al films 

Ni3Al and Zr-Ni3Al films were deposited on Inconel-718 substrate using DC 

magnetron sputtering and co-sputtering respectively. The deposition process 

and the parameters of deposition were kept constant as discussed in section 

6.1.2.1 except the use of Zr target at the place of Cr to synthesize the Zr-Ni3Al 

films namely 0 W Zr, 10 W Zr, 20 W Zr and 30 W Zr. The parameters of 

deposition of Zr-Ni3Al films have been shown in table 6.7. 

Table 6.7: Sputtering parameters for depositing Zr-Ni3Al films with variation 

in Zr content 

Targets Zr & Ni3Al 

Substrates Inconel-718 

Base pressure 3 x 10-6 mbar 

Sputtering gas Argon (30 sccm) 

Sputtering pressure 3 x 10-2 mbar 

Sputtering power (Ni3Al) 250 W DC 

Sputtering power (Zr) 0 W, 10 W, 20 W and 30 W  

Substrate temperature 400℃ 

Deposition time 60 minutes 

 

6.2.2.2 Characterization details 

The Ni3Al and Zr-Ni3Al films deposited on the Inconel-718 substrate were 

characterized to investigate the evolution of phase, microstructure, surface 

topography, adhesion and high-temperature oxidation resistance properties. 

The characterization techniques and the testing parameters for Ni3Al and Zr-

Ni3Al films were the same as discussed in section 6.1.2.2. 

6.2.3 RESULTS AND DISCUSSION 
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The Inconel-718 in its initial state reflected a dark brown color which upon 

polishing showed a dark silver color whereas the as-deposited Zr-Ni3Al films 

were black in color. Upon oxidation at various temperatures, the color of the 

substrate and coatings changed simultaneously. The color of the substrate 

changed from dark silver to dark brown whereas the deposited films 0 W Zr, 

10 W Zr, 20 W Zr and 30 W Zr changed to light greenish blue, moderate blue, 

dark blue and dark brown after oxidation at 900℃ respectively. With rise in 

oxidation temperature, the substrate and the deposited coatings changed to 

light dark which finally converted into dark black when oxidized at 1100℃.  

 

 

Figure 6.15: XRD Spectra of as-deposited Ni3Al and Zr-Ni3Al films 

Figure 6.15 reflects the XRD spectra of Inconel-718 and as-synthesized Ni3Al 

and Zr-Ni3Al films. The spectrum of substrate showed the preferred 

orientation of Ni (111) at 43.86° followed by low intensity peak of Ni (200) at 

50.97° and Ni (220) at 74.98° whereas the spectrum of 0 W Zr showed the 

prominent peak of Ni3Al (111) at 44.26° followed by Ni3Al (200) at 51.4° and 
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Ni3Al (220) at 75.42° of FCC structure. These peaks of 0 W Zr are in accord 

with the standard intermetallic ordering of L12 FCC structure at 44.11° (111), 

51.39° (200) and 75.64° (220).  However, the spectra of Zr-Ni3Al films 

showed the preferred orientation of (111) texture, but a continuous shift in all 

the XRD peaks towards the lower angle is seen as a result of rise in 

concentration of Zr in the Ni3Al matrix (figure 6.16). This could be the result 

of the generation of microstrain within the film as the larger Zr (160 pm) 

replaces the smaller Ni (124 pm) from the host Ni3Al matrix. The value of 

strain in Ni3Al and Zr-Ni3Al calculated using equation 1, Chapter 5, is 

shown in table 6.8. 

 

 

Figure 6.16: Peak shift in the prominent peak (111) of XRD Spectra of Ni3Al 

and Zr-Ni3Al films 

 

The evolution of phases in XRD spectra of the oxidized substrate and films 

has been shown in figure 6.17. XRD spectra of substrate and 0 W Zr reflect 

the prominent peak of NiO (200) when oxidized at 900℃ as shown in figure 

6.17 (a). However, with increase in Zr content in the film, the preferred 
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orientation of the Zr-Ni3Al films changed to Ni3Al (111) for 10 W Zr 20 W Zr 

and 30 W Zr followed by low-intensity peaks of Ni3Al (200), NiO, Al2O3, 

Cr2O3 and Fe2O3. The spectra of substrate and 10 W Zr film oxidized at 

1000℃ showed the preferred orientation of NiO (200) texture whereas the 20 

W Zr and 30 W Zr films showed the preferred orientation of Ni3Al (111) 

texture. Figure 6.17 (c) reflects the spectra of the substrate and films oxidized 

at 1100℃. The spectra of the substrate showed the preferred orientation of 

NiO (200) and high-intensity peak of Fe2O3 which indicates that the substrate 

is more prone to oxidation at 1100℃. However, 10 W Zr and 20 W Zr showed 

the preferred orientation of Ni3Al (111) indicating the existence of adherent 

Ni3Al film on the substrate but the evolution of Fe2O3 indicated the presence 

of an oxidation layer as a result of peeling due to edge effect. The evolution of 

Al2O3 on the oxidized film and Cr2O3 peak at the edges of 30 W Zr shows 

evidence of the existence of oxide layers that protects the substrate from being 

drastically oxidized. 

 

Figure 6.17 (a): XRD spectra of Ni3Al and Zr-Ni3Al films oxidized at 900℃  

a 
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Figure 6.17 (b): XRD spectra of Ni3Al and Zr-Ni3Al films oxidized at 1000℃  

 
Figure 6.17 (c): XRD spectra of Ni3Al and Zr-Ni3Al films oxidized at 1100℃  

b 

c 
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Table 6.8: Calculated grain size, porosity, surface roughness and microstrain 

in Zr-Ni3Al films 

SN Sample Zr (%) Grain 

size (nm) 

Porosity 

(%) 

Roughness 

(nm) 

Strain 

1 Substrate 0.0 NA NA 17.00 ± 0.50 0.00283 

2 0 W Zr 0.0 88.0 ± 2.5 9.12 16.16 ± 0.50 0.00345 

3 10 W Zr 0.65 85.1 ± 2.5 8.89 15.17 ± 0.50 0.00352 

4 20 W Zr 1.02 83.6 ± 2.5 8.42 14.36 ± 0.50 0.00359 

5 30 W Zr 1.20 79.4 ± 1.5 8.21 13.12 ± 0.50 0.00364 

 

 

Figure 6.18: FESEM images of Zr-Ni3Al films (a) 0 W Zr (b) 10 W Zr (c) 20 

W Zr (d) 30 W Zr 

 

The microstructure of Ni3Al and Zr-Ni3Al films characterized using FESEM is 

shown in figure 6.18. From the figure it is observed that 0 W Zr, 10 W Zr and 

20 W Zr films possessed higher percentage of pores throughout the surface. 

However, it decreases with increase in Zr concentration in the Ni3Al matrix 

resulting in the evolution of smooth surface morphology and structure which 

contributes in lowering the surface roughness of the synthesized coatings. 

Irrespective of the presence of microcracks, the synthesized coatings reflect 

the densely packed grains showing the homogeneous structure of the coating. 
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To calculate the average grain size and percentage of porosity in the film, 

Image J software was used. For this purpose, FESEM images were used in the 

software. Results showed that the Ni3Al film with 0 W Zr showed the 

maximum percentage of cracks and porosity (9.12 %) along with the highest 

value of grain size (88.0 ± 2.5 nm).  

The cross-sectional images of the Zr-Ni3Al coatings are displayed in 

figure 6.19. It is observed that the thickness of the coating increases with rise 

in the concentration of Zr with the evidence of the formation of columnar 

grains during the grain growth. 

 
Figure 6.19: Cross-sectional thickness of deposited films (a) 0 W Zr (b) 10 W 

Zr (c) 20 W Zr (d) 30 W Zr 

 

Microstructures of the deposited films oxidized at 900℃, 1000℃ and 1100℃ 

have been shown in figure 6.20, figure 6.21 and figure 6.22. The 

corresponding results of elemental composition has been indexed in table 6.9. 

The microstructure of the substrate oxidized at 900℃ shows that the surface 

of the substrate has spalled more as compared to the surface of the synthesized 

coatings. Moreover, the surface spallation of substrate increases with increase 

in oxidation temperature to 1100℃ resulting in the formation of a larger 

percentage of microcracks and pores. However, 10 W Zr, 20 W Zr and 30 W 
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Zr films oxidized at 900℃ also show the presence of microcracks and pores 

but they possessed tightly packed grains. The rise in the concentration of Al in 

Zr-Ni3Al coatings after oxidation at 900℃ is evidence of the formation of the 

Al2O3 layer which protects the material from being drastically oxidized.  

 

Figure 6.20: FESEM images of oxidized samples at 900℃ (a) Substrate (b) 0 

W Zr (c) 10 W Zr (d) 20 W Zr (e) 30 W Zr 

 

Furthermore, with the rise in oxidation temperature up to 1000℃, the 

concentration of Al decreases (Table 6.9) resulting in the formation of a small 

fraction of Al2O3 layers as compared to 900℃. This could be the result of the 

high rate of oxidation as oxygen reacts with the metal surface at a faster rate. 

From figure 6.21, it can be observed that there is a continuous decrease in 

spallation of the deposited surface with the evolution of packed microstructure 

when the percentage of Zr in Ni3Al was increased up to 30 W Zr. However, 
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with increase in the Zr concentration in Ni3Al films, the grain size of the film 

oxidized at 1000℃ also decreased resulting in the formation of less percentage 

of microcracks and porosity.  

 

Figure 6.21: FESEM images of oxidized samples at 1000℃ (a) Substrate (b) 

0 W Zr (c) 10 W Zr (d) 20 W Zr (e) 30 W Zr 

 

The substrate, 0 W Zr, 10 W Zr, and 20 W Zr samples oxidized at 1100℃ 

show a larger number of pores due to the clustering of grains on the surface as 

a result of the high rate of oxidation as shown in figure 6.22. This could be the 

result of the peeling of the oxide layers from the surface because of the high 

rate of diffusion of oxygen with the metal surface. The film with 30 W Zr 

oxidized at 1100℃ showed compact integrity of grains with a smaller 

percentage of pores which is evident from the low oxidation rate as compared 

to the substrate and other deposited films oxidized at 1100℃. 
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Figure 6.22: FESEM images of oxidized samples at 1100℃ (a) Substrate (b) 

0 W Zr (c) 10 W Zr (d) 20 W Zr (e) 30 W Zr 

 

Table 6.9: EDS results of substrate and Zr-Ni3Al films oxidized at different 

temperatures 

Elements Oxidized at 900℃ Oxidized at 1000℃ Oxidized at 1100℃ 

 
0 W 

Zr 

10 W 

Zr 

20 W 

Zr 

30 W 

Zr 

0 W 

Zr 

10 W 

Zr 

20 W 

Zr 

30 W 

Zr 

0 W 

Zr 

10 W 

Zr 

20 W 

Zr 

30 W 

Zr 

OK 

(at%) 

51.12 49.30 50.73 42.37 53.87 48.29 50.85 59.15 74.14 51.13 81.24 76.27 

AlK 

(at%) 
2.55 2.57 9.70 11.50 0.72 1.30 5.60 8.06 1.21 0.51 1.62 1.82 

ZrK 

(at%) 

0.5 0.10 0.40 1.06 0.62 0.47 0.37 0.05 1.3 0.60 0.42 0.30 

NiK 

(at%) 

45.83 48.03 39.17 45.14 44.79 49.94 43.17 32.73 23.36 47.77 16.72 21.61 

 

The AFM 3D images showing the surface topography of the substrate, Ni3Al 

and Zr-Ni3Al films have been shown in figure 6.23. To analyze the surface 
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topography and roughness of the coating, an area of 50 x 50 µm2 was scanned 

using the cantilever probe of AFM in contact mode. The surface roughness 

(rms) of the substrate and synthesized coating was calculated using the inbuilt 

software in the setup. The surface topography of the polished substrate showed 

a long chain of unidirectional asperities. The Ni3Al and Zr-Ni3Al films also 

consisted of the nano asperities which are non-continuously aligned with the 

formation of nano hills and valleys. The results of the AFM showed that the 

enrichment of Zr in the host Ni3Al matrix reduced the surface roughness of the 

coating. The maximum and the minimum surface roughness of 16.16 ± 0.5 nm 

and 13.12 ± 0.5 nm was observed for 0 W Zr and 30 W Zr respectively. The 

results of the surface roughness have been indexed in table 6.8. 

 

Figure 6.23: 3D AFM images of as-deposited Zr-Ni3Al films (a) 0 W Zr (b) 

10 W Zr (c) 20 W Zr (d) 30 W Zr 
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Figure 6.24 3D AFM images of Substrate, Ni3Al and Zr-Ni3Al films oxidized 

at different temperatures 

 

The surface topography of the substrates, Ni3Al and Zr-Ni3Al films oxidized at 

different elevated temperatures has been shown in figure 6.24. From the 

figure it can be observed that the surface of the oxidized films showed larger 

and broader asperities as compared to the as-deposited films (figure 6.23) 
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because of the cyclic oxidation attacks. The enhancement in the dimension of 

the surface asperities results in increasing the roughness of the oxidized 

coatings. This could be the reason for the formation of non-uniformly 

distributed dome shapes larger hills and valleys resulting from the absorption 

of oxygen in the film. The results of AFM reflected that the surface roughness 

of the film increases continuously with increase in the oxidation temperature. 

However, a subsequent and gradual decline in the surface roughness of the 

coating has been observed with Zr enrichment in the host Ni3Al matrix. The 

results of the surface roughness (rms) of the coating after the cyclic oxidation 

test have been indexed in table 6.10. 

Table 6.10: Surface roughness of oxidized Ni3Al and Zr-Ni3Al films 

SN Sample Surface 

roughness of 

as-deposited 

films (nm) 

Surface 

roughness after 

oxidation at 

900℃ (nm) 

Surface 

roughness 

after oxidation 

at 1000℃ 

(nm) 

Surface 

roughness after 

oxidation at 

1100℃ (nm) 

1. Substrate 17.00 ± 0.50 139 ± 2.0 291 ± 5.0 484 ± 8.0 

2. 0 W Zr 16.16 ± 0.50 129 ± 2.0 283 ± 5.0 359 ± 5.0 

3. 10 W Zr 15.17 ± 0.50 108 ± 1.5 214 ± 3.0 263 ± 4.0 

4. 20 W Zr 14.36 ± 0.50 45 ± 1.0 128 ± 1.5 134 ± 1.5 

5. 30 W Zr 13.12 ± 0.50 29 ± 1.0 56 ± 1.5 115 ± 1.5 

 

To investigate the adhesive strength of Ni3Al and Zr-Ni3Al films, 

nanoindentation was used to perform the scratch test at room temperature. 

Figure 6.25 shows the relationship between the friction coefficient and normal 

load. It is observed that the substrates and deposited films shows a high 

coefficient of friction having a high amplitude of vibrations during stage 1. 

This could be the result of the resisting force against the deformation of the 

substrate and deposited film during the initial stage of loading. The high 

amplitude in friction force indicates the formation of microcracks at the edges 

of the scratch cavity. Furthermore, the amplitude of vibration decreases for 

substrate and deposited films in stage 2 as compared to stage 1. It is evident 

from the constant coefficient of friction in stage 2 that there is a continuous 

formation of microcracks at the edges of the scratch cavity. However, it can be 

seen that the substrate shows a continuous vibration of higher amplitude 
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throughout the scratch length. This indicates the formation of larger cracks 

with continuous and progressive delamination. From the figure it can be 

observed that the coefficient of friction increases with rise in Zr content in the 

host Ni3Al matrix which suggests that the rate of delamination declines with 

rise in Zr content. Hence, it can be said that the adhesive strength of Ni3Al 

film increases with rise in the Zr content. 

 

Figure 6.25: Relationship between normal load and friction coefficient of the 

substrate, Ni3Al and Zr-Ni3Al films 

 

The weight change per unit area versus cycle time was calculated to measure 

and understand the kinetics of oxidation. The results of the oxidation test 

performed at various temperatures are demonstrated in figure 6.26. From the 

figure, it can be observed the substrate is more prone to oxidation. However, 

the results of weight gain per unit area versus time indicated that the Ni3Al and 

Zr-Ni3Al films were able to protect the surface from being drastically oxidized 
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showing a slow rate of oxidation as compared to substrate when oxidized at 

900℃ [figure 6.26 (a)].  

 

Figure 6.26: Weight gain/area versus number of cycles (a) Zr-Ni3Al oxidized 

at 900℃ (b) Zr-Ni3Al oxidized at 1000℃ (c) Zr-Ni3Al oxidized at 1100℃ 

 

A subsequent and continuous increase in weight gain is observed in all the 

films and substrates when oxidized at 1000℃ showing a high rate of oxidation 

as compared to 900℃ [Figure 6.26 (b)]. The results of oxidation in terms of 

weight change for the substrate and films oxidized at 1100℃ showed a linear 

increment in weight gain in case of substrate up to 9th cycles after which a 

discontinuity in weight change is observed. The discontinuity in weight 

change in 0 W Zr, 10 W Zr, 20 W Zr and 30 W Zr is seen after the 10th, 11th, 

13th and 16th cycles of oxidation ℃ respectively [Figure 6.26 (c)]. This 

sudden fall in the weight change is due to the removal of the oxide layer from 

the surface and the pilling of the film from the edges of the substrate as a 

result of the higher rate of oxidation. However, the exposure of the fresh 

surface after removal of the oxide layer further leads to oxidation, and thus a 
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weight gain is observed as a result.  Figure 6.27 shows the parabolic oxidation 

kinetic curves of substrates and deposited films oxidized at different 

temperatures. The square of weight change per unit area versus cycle time for 

the substrate and deposited films oxidized at 900℃ showed a linear trend of 

weight gain with respect to time. This indicates continuous oxidation over 

time. However, the rate of oxidation in deposited films is lower as compared 

to bare substrate because of the slow rate of chemical reaction between oxygen 

and the surface of the substrate (Inconel-718) [figure 6.27 (a)]. This could be 

the result of higher surface integrity of the developed adherent protective 

oxide layers of Al2O3 which forbids the continuous diffusion of oxygen into 

the surface. The rate of oxidation in terms of weight gain per unit area at 

1000℃ is higher in the substrate and deposited films when compared to the 

rate of oxidation at 900℃. However, the substrate is found to be more prone 

to oxidation in the first half of the cycles as shown in figure 6.27 (b). Figure 

6.27 (c) shows the parabolic kinetics of oxidation of the substrate and the 

deposited films oxidized at 1100℃. The results of the square of weight change 

per unit area versus cycle time show that the substrate and films are prone to 

linear oxidation up to a few initial cycles after which a discontinuity in weight 

change is observed (figure 6.28). This is because of the higher rate of 

oxidation resulting in continuous mass loss and further mass gain as a result of 

exposure of the new surface. Moreover, the high rate of oxidation led to the 

extreme diffusion of oxygen which accelerates the chemical reaction, and 

oxygen penetrates through the oxide layers and reacts with the newly exposed 

surface of the substrate and films. The higher rate of oxidation within the film 

again leads to the formation of a new oxidation layer that contributing to 

further oxidations. This results in the spalling of the oxide layer with the 

increase in cycle time resulting in weight loss of the film. The results of the 

weight gain per unit area versus cycle time and the square of weight gain per 

unit area versus cycle time indicate parabolic kinetics of continuous oxidation 

with different rates at different temperatures.  

The parabolic rate constant (Kp) of the substrate and deposited Zr-Ni3Al films 

oxidized at different temperatures have been mentioned in table 6.11. It can be 
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seen that the value of the parabolic rate constant (Kp) increases with increase 

in oxidation temperature indicating a high rate of continuous oxidation. 

However, it decreases with increase in Zr concentration in the film. 

 

Figure 6.27: Parabolic characteristics of oxidation kinetics (a) Zr-Ni3Al 

oxidized at 900℃ (b) Zr-Ni3Al oxidized at 1000℃ (c) Zr-Ni3Al oxidized at 

1100℃ 

 

 
Figure 6.28: Parabolic characteristics of oxidation kinetics (a) Zr-Ni3Al 

oxidized at 1100℃ up to 10 cycles (b) Zr-Ni3Al oxidized at 1100℃ from 11 

to 30 cycles. 
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Table 6.11: Parabolic rate constant of substrate and deposited Zr-Ni3Al films  

SN Samples Parabolic rate constant (Kp) 

  900℃ 1000℃ 1100℃ 

1 Substrate 0.20247 ± 0.00164 1.55476 ± 0.08745 5.26812 ± 0.93944 

2 0 W Zr 0.04691 ± 0.00202 0.55889 ± 0.01284 6.65231 ± 0.71215 

3 10 W Zr 0.03771 ± 9.79341 0.46904 ± 0.00869 6.71871 ± 0.52311 

4 20 W Zr 0.02668 ± 3.54024 0.38346 ± 0.00729 4.61715 ± 0.26627 

5 30 W Zr 0.02597 ± 5.78706 0.37619 ± 0.00618 3.89496 ± 0.17152 

 

6.2.4 CONCLUSION 

Zr-Ni3Al coatings were successively synthesized using DC magnetron co-

sputtering at the substrate temperature of 400℃. The formation of different 

phases, surface topography and microstructure were characterized using XRD, 

AFM and FESEM respectively. The results of XRD spectra showed that the 

substrate possessed the preferred orientation of Ni (111) followed by Ni (200) 

and (220) whereas the as-deposited Zr-Ni3Al coatings showed the preferred 

orientation of Ni3Al (111) followed by a low-intensity peak of (200) and (220) 

texture. Furthermore, with the increase in the concentration of Zr in host 

Ni3Al, a subsequent and continuous shift in XRD spectra towards the lower 

angle has been observed. The microstructure of 0 W Zr, 10 W Zr and 20 W Zr 

films possess a larger percentage of microcracks which decreased in 30 W Zr 

coating. Accordingly, the results of AFM showed a gradual decline in the 

surface roughness of the film with increase in the Zr content in the Ni3Al 

matrix. Additionally, the adhesive strength of the Zr-Ni3Al films was 

enhanced when Zr was enriched in the host Ni3Al matrix. The results of cyclic 

oxidation at high temperatures reveal that all the deposited films and 

substrates were oxidized at 900℃, 1000℃ and 1100℃. However, a slow rate 

of oxidation was observed at exposure temperature of 900℃ which increases 

with rise in oxidation temperature. Moreover, the rate of oxidation decreases 

with increase in concentration of Zr content in Ni3Al film. The value of the 

parabolic rate constant for all the deposited films oxidized at different 

temperatures reveals that the substrate is more prone to oxidation and the 
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Ni3Al coating enriched with Zr is capable of protecting the superalloy from 

being drastically oxidized at higher temperatures. 
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CONCLUSION  

The main objective of this research was to synthesize different kinds of Ni3Al-

based thin films using magnetron sputtering and to investigate their 

microstructural, mechanical and oxidation resistant properties using different 

characterization tools and techniques. In addition, this study reports the 

comparison of sputtering parameters and use of dopants that influences the 

properties of the film. 

Ni3Al and doped Ni3Al-based alloy coatings were deposited over silicon (100) 

and Inconel-718 substrates using DC magnetron sputtering and co-sputtering 

process respectively. The evolution of different phases, surface topography, 

surface morphology and elemental composition were studied using XRD, 

AFM, FE-SEM and EDS respectively. Nanoindentation was used to 

investigate the hardness, Young’s modulus and adhesive strength of the 

deposited films whereas the oxidation test was performed at 900℃, 1000℃ 

and 1100℃. 

Synthesis and characterization of different Ni3Al-based coatings with varying 

sputtering parameters and use of different concentration of dopants have been 

mentioned in table 7.1.  

Table 7.1: Hardness, Young’s modulus, and oxidation resistant properties of 

Ni3Al-based coating with respect to varying sputtering parameters 

Experiment Sputtering 

parameters 

Substrate Hardness Young’s 

modulus 

Oxidation 

resistant 

test 

 Experiment 

1 

Variation in 

substrate 

temperature 

 

 

Ni3Al alloy 

films 

 

RT  

 

Si (100) 

7.4 ± 2.6 92.1 ± 14.3  

 

 

 

NA 

200℃ 7.9 ± 1.8 102.2 ± 14.5 

400℃ 12.8 ± 0.8 205 ± 15 

600℃ 4.06 ± 0.6 74.8 ± 9.6 
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Experiment 

2 

Variation in 

Ni 

concentration 

with 

variation in 

power to Ni 

target 

Substrate Hardness Young’s 

modulus 

Oxidation 

resistant 

test 

Ni3Al and 

Ni-rich 

Ni3Al alloy 

films 

0 W Ni (79.2 

at % of Ni) 

 

 

 

 

Si (100) 

12.8 ± 0.8 205.3 ± 15  

 

 

 

NA 

25 W Ni (83.6 

at % of Ni) 

10.05 ± 1.4  165.3 ± 20.9 

50 W Ni (85.1 

at % of Ni) 

7.66 ± 0.70 181.2 ± 12.2 

100 W Ni 

(86.7 at % of 

Ni) 

2.69 ± 0.74 90.7 ± 14.5 

Experiment 

3 

Variation in 

Cr 

concentration 

with 

variation in 

power to Cr 

target 

Substrate Hardness Young’s 

modulus 

Oxidation 

resistant 

test 

 

 

Cr-Ni3Al 

alloy films 

0 W Cr (0.00 

at % of Cr) 

 

 

 

 

 

Si (100) 

12.7 ± 0.8 206 ± 15  

 

 

 

 

NA 

10 W Cr (1.07 

at % of Cr) 

12.08 ± 1.3 148 ± 19 

20 W Cr (2.25 

at % of Cr) 

9.21 ± 0.53 138 ± 5.2 

30 W Cr (5.71 

at % of Cr) 

8.21 ± 0.57 130 ± 9.5 

40 W Cr (7.31 

at % of Cr) 

7.0 ± 0.51 129 ± 5.6 

Experiment 

4 

Variation in 

Zr 

concentration 

with 

variation in 

power to Zr 

target 

Substrate Hardness Young’s 

modulus 

Oxidation 

resistant 

test 

 

 

0 W Zr (0.00 

at % of Zr) 

 

 

12.8 ± 0.8 205 ± 15  
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Zr-Ni3Al 

alloy films 

10 W Zr (0.65 

at % of Zr) 

 

 

 

Si (100) 

10.3 ± 0.58 156 ± 6.7  

 

NA 20 W Zr (1.02 

at % of Zr) 

10.1 ± 0.75 147.8 ± 10.0 

30 W Zr (1.20 

at % of Zr) 

8.95 ± 1.02 140.7 ± 6.7 

40 W Zr (1.51 

at % of Zr) 

8.07 ± 0.6 137.9 ± 5.5 

Experiment 

5 

Variation in 

Cr 

concentration 

with 

variation in 

power to Cr 

target 

Substrate Hardness Young’s 

modulus 

Oxidation 

resistant 

test 

 

Cr-Ni3Al 

alloy films 

0 W Cr (0.00 

at % of Cr) 

 

 

 

Inconel-

718 

 

 

 

 

NA 

 

 

 

 

NA 

30 W Cr 

with at % 

of Cr 

showed 

the best 

oxidation 

resistant 

properties 

at 900℃ 

10 W Cr (1.10 

at % of Cr) 

20 W Cr (2.30 

at % of Cr) 

30 W Cr (5.70 

at % of Cr) 

Experiment 

6 

Variation in 

Zr 

concentration 

with 

variation in 

power to Zr 

target 

Substrate Hardness Young’s 

modulus 

Oxidation 

resistant 

test 

 

Zr-Ni3Al 

alloy films 

0 W Zr (0.00 

at % of Zr) 

 

 

 

Inconel-

718 

 

 

 

 

NA 

 

 

 

 

NA 

30 W Zr 

with at % 

of Zr 

showed 

the best 

oxidation 

resistant 

properties 

at 900℃ 

10 W Zr (0.65 

at % of Zr) 

20 W Zr (1.02 

at % of Zr) 

30 W Zr (1.20 

at % of Zr) 
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From the results of the experiments, it is observed that the alloy Ni3Al films 

deposited at 400℃ without doping has shown the maximum hardness and Young’s 

modulus of 12.85 ± 0.8 GPa and 205 ± 15 GPa respectively. The addition of Ni, Cr 

and Zr in the host Ni3Al matrix resulted in degradation of microstructure 

which in return decreases the hardness and Young’s modulus. However, the 

microstructure of Cr-Ni3Al and Zr-Ni3Al alloy films gets improved when 

deposited on Ni-Superalloy. Results of the oxidation test reveal that the all the 

deposited films were oxidized at each studied temperature. However, the 

substrate was found to be more prone to oxidation. The results of weight 

change per unit area versus cycle time and parabolic rate constant of oxidation 

kinetics confirm that the substrate and films were oxidized at high temperature 

but Cr-Ni3Al and Zr-Ni3Al alloy films are capable of protecting the superalloy 

from being drastically oxidized. 

 

FUTURE PROSPECTS 

Based on the present work and available literature in the field of synthesizing 

and characterizing Ni3Al-based coatings, following scope of work are 

recommended for future work. 

1. The effect of sputtering pressure on microstructural, mechanical and 

tribological properties are still to be investigated for both alloy and 

multilayer form of Ni3Al based coatings. 

2. The effect of sputtering power and thus the film thickness on the 

microstructural, mechanical and tribological properties are to be 

investigated.  

3. The substrate-target distance can be optimized to achieve better results. 

4. There is a large scope to dope host Ni3Al matrix in alloy and 

multilayer form using other transition metals and high entropy alloys. 

5. The corrosion test of Ni3Al-based coatings can be investigated in 

different corrosive and marine environments. 
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