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Abstract 

This research investigates the oxidation behaviour of an additively manufactured (AM) 

superalloy Inconel 718 and compares its oxidation performance to that of wrought Inconel 

718. A plasma arc additive manufacturing process was developed and utilized to 

manufacture the AM specimens. All specimens were subjected to exposures at 800°C and 

900°C. The oxidized specimens were analysed using Scanning Electron Microscopy 

(SEM) and Energy Dispersive Spectroscopy (EDS). Both surface oxide and cross-section 

microstructure were examined, in addition to microstructure changes in the substrate. The 

results showed that the two alloys had similar weight changes over the periods of 50-400 

hours at both temperatures. However, the microstructure changes on the surface and in the 

substrate were different. The thickness of the chromia oxide scale formed on AM Inconel 

718 was consistently thinner than that on the wrought specimens. There was also more 

internal oxidation on the AM specimens, particularly after longer exposure at high 

temperature. In addition, the formation of a subscale Nb-rich layer was observed between 

outer chromia and substrate on all specimens, except on the AM specimens exposed to 

800°C for 100 hours, this layer contributed to the integrity of the chromia oxide layer. 

Based on the preliminary results, it was concluded that the AM material, when exposed to 

900°C, had slightly inferior oxidation performance than the wrought alloy, attributable a 

thicker and more stable chromia oxide layer and to less internal oxidation.   
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Chapter 1: Introduction 

In this chapter the motivation, the objectives and the general structure of the thesis is 

provided.  

1.1 Preamble 

Additive manufacturing (AM), previously known as rapid prototyping, utilises computer-

aided-design (CAD) software to create precise geometries by fusing metals or plastics to 

form near-net designed shapes. Thousands of bonded superfine layers give rise to three-

dimensional (3D) products where designs that could not be manufactured in one single 

piece by traditional processes can now be developed. AM has the advantage of producing 

complex shapes without the need to weld, machine or assemble individual components 

together. With AM technology, replacement parts can be manufactured in real-time with 

little to no wait-time and repair can be accomplished without disassembly or special tooling 

[1]. This revolutionary technology reduces turnaround time and is more environmentally 

friendly than traditional manufacturing methods as it prints only where material is needed 

with no waste generation. However, improvements are still needed to increase strength, 

fatigue life, stiffness and corrosion resistance of AM materials [2] and to improve the 

energy efficiency of AM systems.  

The adaptation of AM materials to aerospace manufacturing processes initiates with a 

design phase, followed by prototyping and testing and securing the appropriate 

certification; these are in addition to any operations and maintenance requirements. In 

terms of materials, an aerospace engineer can choose to work with a variety of metals 

(>65,000), plastics (>15,000), ceramics (>10,000), and composites [3]. However, only 
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about 0.05% of available materials in the market are suitable for airframe and engine 

components [3] due to the high operating temperatures of 1300 to 1600°C [8].  

Gas turbine engines have precise and complex geometries (Figure 1) that require many 

components [4] of different materials; e.g. lower-temperature sections are typically 

constructed from ferritic steels and titanium alloys, while nickel-base alloys dominate the 

combustor and turbine sections. Gas turbines have been used for multiple applications, 

such as aircrafts, electric power generation, mechanical drive systems, pump drives for gas 

or liquid pipelines, chemical industry, and land and sea transportation [5]. In general, 

aircraft and gas turbine engines require materials that are lightweight, high strength, 

damage tolerant, are high temperature capable, are oxidation resistant and corrosion 

resistant; superalloys are suitable materials to meet these needs.  

 

Figure 1. Gas turbine engine CFM56 used in Boeing 737 aircraft [6] 

Superalloys are Ni, Ni-Fe or Co-based alloys that date back to the nineteen century and 

have become increasingly popular, as they represent a wide market when it comes to the 
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energy and aviation sector. Superalloys can be forged, rolled to sheet, or otherwise 

produced in a variety of shapes [7]. Cutting edge technology and ongoing research are 

pushing for efficient superalloys that can decrease fuel consumption and toxic emissions 

in aircrafts. Robust, repeatable processes and consequently the mechanical properties of 

the end product are critical for the success of AM manufacturing; suitable inspection 

methods to ensure that the required levels of quality and performance are met are also 

required for this revolutionary technology. 

1.2 Objective 

The main purpose of this thesis is to demonstrate that additively manufactured Inconel 718 

metallic components present the same oxidation behaviour as wrought Inconel 718 

components at high temperatures.  

1.3 Thesis structure overview 

This thesis is organized into five chapters; a description of each chapter is provided below. 

 Chapter 1: Introduction – The advantage of AM technology and its potential 

applications for lightweight and durable aerospace components is discussed along with 

some challenges for AM technologies. 

 Chapter 2: Literature Review – The intent of this chapter is to provide a general 

introduction to gas turbines and the operating environment for different components, 

superalloys, the use of AM technologies for the manufacturing of superalloy components 

and the oxidation behaviour of these materials. It includes an introduction to Inconel 718, 

its microstructural characteristics and high temperature oxidation behaviour.  
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 Chapter 3: Materials and Experimental Procedure - This chapter details the 

material specifications and process parameters for AM and wrought Inconel 718 material 

used, as well as the methods for the preparation of specimens and the procedures used to 

evaluate the microstructure of the material (scanning electron microscopy (SEM) and 

electron dispersive spectroscopy (EDS)).  

 Chapter 4: Experimental Results and Discussion –The surface oxide formation 

and microstructure changes within the interior of the AM Inconel 718 and baseline wrought 

Inconel 718 are presented in this chapter in a sequence of as-received material and materials 

oxidized at different temperatures. Also provided in this chapter is the weight changes of 

both alloys as a function of temperatures and duration. Comparison of the oxidation 

behaviour of materials examined in this study with that published in the literature is also 

presented.  

 Chapter 5: Concluding Remarks – This chapter summarizes key findings and 

proposed future work. 
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Chapter 2: Literature Review 

2.1 Gas turbines and operating environments 

There are two basic types of gas turbines - aeroengines and industrial power turbines. The 

main difference between the two types of gas turbines is their start up time and also the 

operating cycles [8]. In general, turbine engines operate by drawing air (-50 to 40°C) from 

the inlet side where it is compressed (reaching temperatures of 300–650 °C), and then 

mixed with fuel and burned in the combustion section, as can be seen in Figure 2. The 

combustion products, with gas temperatures often in the range of 1400–1500 °C, are 

expanded in a turbine section and the power generated is used to run the compressor and 

fan, in addition to providing thrust (e.g. an aircraft engine) or driving a generator (e.g. 

power generation). Efficiency in gas turbine engines depend on the turbine inlet 

temperature (TIT). Today’s gas turbine engines can experience turbine inlet temperatures 

in excess of 1500°C. A higher TIT enables the advantageous progression of critical design 

parameters such as reduced fuel consumption, increased range, reduced exhaust emission 

and increased load-carrying capacity [9].  
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Figure 2. Sections of a CF6 high bypass turbofan engine used in the Boeing 787 and its 

material distribution [10] 

After World War II, the future of jet engines became very promising due to their great 

thrust, compact size and the simplicity in their overall layout. Dr. Hans von Ohain, a 

German physicist, and Sir Frank Whittle are recognized as the co-inventors of the jet 

engine. Frank Whittle was in fact the first to patent the W.1 turbojet engine in 1930 and his 

turbojet engine powered the Gloster E28/29 aircraft [5]. Hans von Ohain, considered the 

designer of the first operational jet engine, was the second to register a patent for the 

turbojet engine in 1936; his He S-3 engine was the first to fly on the He178 German aircraft 

on August 27, 1939. Supersonic aircrafts were used later on for the Cold War in the 1960s. 

These aircrafts were made with special titanium and aluminum superalloys that were 

capable of withstanding high temperatures (< 500°C) during flight without the materials 

softening (property degradation). 

The mechanical properties of materials used in aero engines need be such that they 

withstand very demanding environments while under stress [10]. These materials need to 
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be lightweight, of high strength, damage and high temperature tolerant, and also oxidation 

and corrosion resistant. The mechanical properties in any given material used are 

determined by its chemistry, microstructure and the manufacturing process. Very often the 

manufacturing processes of specific materials (including superalloys) used in various parts 

of gas turbine engines became proprietary information.   

Materials used in gas-turbine engines vary depending on the application. Modern gas 

turbine engines are complex machines built with alloys capable of withstanding severe 

service conditions which induces different failure modes such as creep, thermal mechanical 

fatigue, oxidation and hot corrosion [11]. Due to their excellent resistance to high 

temperature and their ability to maintain the strength after extended high temperature 

exposure [12], superalloys, Ni, Fe-Ni or Co-based, are commonly used in aeronautical and 

aerospace applications, particularly for turbines and compressors. Ni-based superalloys 

typically constitute 40–50% of the total weight of an aircraft engine and are used most 

extensively in the combustor and turbine sections of the engine as shown in Figure 2 [13]. 

Titanium superalloys are the second major constituent, representing a quarter of the total 

weight in aircraft engines, followed by iron-based superalloys which represent 16% weight.  

Figure 3 shows the materials utilized in an advanced 3-shaft high bypass ratio commercial 

engine. Nickel-based superalloys represent the highest-temperature components of the 

engine operating at temperatures of up to 1100 °C (approaching ~90% of the temperature 

where the onset of melting occurs) [14]. Wrought and cast nickel-base superalloys, such as 

Inconel 718 and Waspaloy (Ni-based age hardenable alloy) are being used along with many 

other alloys. Aluminum alloys are of low density, but they are constrained in strength and 

temperature making them only suitable for the fan section. The later stages of the 
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compressors have a temperature range that only allows titanium alloys, with low-density 

and acceptable strength and other temperature properties. Similar demands in alloys are 

required for compressor blades and vanes, where traditionally no cooling schemes are used 

to mitigate the increasing temperatures on the later stages of the compressor [10].  

 

Figure 3. Alloy composition within an advanced 3-shaft turbine engine [10] 

In the gas turbine, the combustion and turbine parts are continuously in contact with hot 

fluid. The higher the firing temperature in the combustion process, the higher the turbine 

efficiency and the energy output. The first generation of gas turbine engines needed to 

withstand operating temperatures of 800°C; nowadays, they must withstand operating 

temperatures of up to 1600°C (in combination with internal cooling and thermal barrier 

coatings). Such high firing temperatures can only be achieved by employing improved 

superalloys including Inconel 718 for components such as combustor, nozzles, rotating 

blades, turbine wheels and spacers [8].  
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2.2 Nickel and Nickel-Chromium based superalloys 

The term "superalloy" was first coined after World War II. Nickel (Ni), cobalt (Co) or 

nickel-iron (Ni-Fe) based precipitation-strengthened alloys were often referred to as 

“superalloys” due to their high strength and corrosion resistance at high temperatures (over 

540°C). Superalloys are made of relatively heavy materials, with densities in the range of 

7.8 to 9.4 g/cm3 depending on the alloying elements used; with elements such as Al, Ti, 

and Cr reducing the density while other elements such as W, Rh, and Ta increasing density 

[15].                      

These alloys are typically manufactured in cast form due to the ease of production. 

Production and processing of superalloys start by melting metallic materials at very high 

temperatures; nickel at 1453°C, cobalt at 1495°C, and iron at 1537°C. In the early days, 

the lack of knowledge in heat treatment and impurities caused large differences in 

properties among production lots [9]. Unwanted elements, such as Bi, Pb and S, usually 

led to the formation of oxides, nitrides, and sulfides which weakened the alloys. Today, in 

order to obtain superalloys with exceptional properties, crystal orientation, grain size and 

shape, porosity and process parameters are strictly controlled. 

Aviation gas turbines make up to 75% of all applications of superalloys, the other 25% 

goes to power-generation gas turbines, chemical industry, medical industry, and various 

other applications as seen on Figure 4, that require high temperature and/or chemical 

resistance [16]. Superalloys facilitate improved operating efficiency and reduce 

environmental emissions [17]. 
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Figure 4. Applications of superalloys 

The essential elements in precipitation hardenable Ni-based superalloys are Al, Ti and Nb, 

with a total concentration of less than 10 at.%. This generates a two-phase equilibrium 

microstructure, consisting of gamma (γ) and gamma-prime (γ') or gamma double prime 

(γ”) phases. Gamma prime (γ′- Ni3Al or Ni3Ti) and gamma double prime (γ″-Ni3Nb) are 

the primary precipitation-strengthened precipitates, achieving an ultimate tensile strength 

in excess of 1380 MPa and 0.2% offset yield strengths over 1035 MPa [18]. It is the γ' and 

γ” precipitates which are largely responsible for the elevated-temperature strength of the 

materials. 

Experimental results have shown that the morphology of gamma prime depends on the Mo 

content and Al/Ti ratio in iron-nickel-based alloys as shown in Figure 5. With increasing 

γ/γ′ mismatch due to alloying, the shape changes according to the following order: 
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spherical, globular, blocky, cuboidal (Figure 6). When the γ/γ′ lattice mismatch is high, 

extended exposure above 700°C (1290° F) causes undesirable phases to form [7].  

 

Figure 5. TEM bright field image of gamma double prime in superalloy Inconel 718 [19] 

 

 

Figure 6. Typical microstructures of a Ni-based superalloy. (a) Spheroidal and cuboidal 

γ’ and grain boundary carbides. (b) Spheroidal γ’ and grain boundary carbides [7] 

 

2.2.1 Nickel-based superalloys 

Ni-based alloys play an important role in the engineering field, due to their applicability in 

a wide range of environments such as aqueous and atmospheric; they are often named by 

their trade names or by their alloy number. For instance, HASTELLOY® C-22 and 

INCONEL® 718 are also known as Alloy C-22 and Alloy 718 respectively. The Ni-Fe-
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based superalloys, such as Inconel 718, are an extension of stainless-steel technology. 

Alloy 718 was patented on July 24, 1962 by Herb Eiselstein to meet the demands of 

emerging jet engine technology. The original Inconel alloy was a trademarked alloy family 

developed and marketed by Huntington Alloys in the former years of the superalloy 

industry, its chemistry was Ni 78%, Cr 14.5%, Fe 7%, C 0.05%, and closely resembling 

today’s Alloy 600 [17].  

Nickel is the major constituent in Ni-based superalloys, possessing a face-centered cubic 

(FCC) structure. Commercially pure nickel alloys containing primarily nickel (> 99 wt%), 

such as Alloy 200 or 201 have low strength and hardness values. In commercial 

superalloys, there are usually five to ten other elements, as summarized in Table 1.  

These alloys are generally complex in composition, typically having at least 5 major and 

some minor alloying elements for the control of grain structure and mechanical properties. 

For example, additions of Al, Cr and Y typically improve oxidation and corrosion behavior 

by forming an adherent alumina/chromia scale [13].  
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Table 1. Nominal chemical composition of Ni, Ni-Fe, and Co-based superalloys [7] [20]  

  

 

 

 

Designation Ni Cr Mo Fe Cu Other

Nickel 200 99.6 C 0.04

Nickel 201 99.6 C 0.02 max.

Monel alloy 400 65.1 1.6 32.0 Mn 1.1

Monel alloy K-500 64.7 1.0 30.2 Al 2.7, Ti 0.6

Inconel alloy 600 76.0 15.0 8.0

Inconel alloy 617 56.0 24.0 10.0 3.0 0.5
Co 15.0, Al 1.5, Ti 0.6, Si 0.5, C 0.15, S 0.015, P 

0.015

Inconel 622 59.0 20.5 14.2 2.3 W 3.2

Inconel alloys 625 

and 625LCF
61.0 21.5 9.0 2.5 Nb 3.6

Inconel 686 58.0 20.5 16.3 <1.0 W 3.8

Inconel 690 61.5 29.0 9.0

Inconel 713 Rest. 14.0 5.2 2.50 max. 0.50 max. Al 6.5, Ti 1.0, C 0.2, Si 0.5 max; Mn 0.25 max.

Inconel 718 54.0 18.0 3.0 18.5 Nb 0.5, Ti 1.0

Inconel 725 57.0 21.0 8.0 7.5 Nb 3.5, Ti 1.5, Al 0.3

Inconel 738C Rest. 16.3 2.0 0.50 max.

Nb 1.1, Co 9.0, Al 3.7, Ti 3.7, C 0.13, W 2.8, Ta 

2.0, B 0.012, Zr 0.08, Al+Ti 7.2; Si 0.3 max; S 

0.015 max; Mn 0.2 max.

Inconel X-750 70.0 17.0 9.0 0.5
Nb 1.2, Co 1.0, Mn 1.0, Al 1.0, Ti 2.75, Si 0.5, C 

0.8, S 0.01

Inconel C-276 57.0 16.0 16.0 5.5 W 4.0

Inconel G-3 44.0 22.0 7.0 19.5 2.0

Inconel 050 50.0 20.0 9.0 17.0

Inconel 800 32.5 21.0 46.0 C 0.05

Inconel 825 42.0 21.5 3.0 28.0 2.0

Inconel 864 34.0 21.0 4.2 39.0 Si 0.8, Ti 0.6

Inconel 925 44.0 21.0 3.0 28.0 1.8 Ti 2.1, Al 0.3

Inconel 020 35.0 20.0 2.5 37.0 3.5 Nb 0.6

Inconel 028 32.0 27.0 3.5 1.0 Mn 2.0

Inconel 25-6MO 25.0 20.0 6.5 47.0 0.9 N 0.20

M951 Rest. 9.0 3.0
Nb 2.2, Co 5.0, Al 6.0, C 0.05, W 3.5, B 0.024, Y 

0.017

GH202 Rest. 20.4 4.1 Al 1.38, Ti 2.02, C 0.06, P 5.62

Udiment 500 Rest. 20.5 3.0 Co 19.0, Al 1.9, Ti 2.7, C 0.01

Haynes 282 Rest. 19.5 8.6 0.7
Co 10.33, Al 1.52, Ti 2.13, Si 0.06, C 0.06, S 

<0.002, P 0.002, B 0.005

Hastelloy X 47.0 22.0 9.0 18.0

Co 1.5, W 0.6, C 0.1, Mn 1.0 max; Si 1.0 max; 

B 0.008 max; Nb 0.5 max; Al 0.5 max; Ti 0.15 

max

Stellite 6 2.3 28.5 2.3 Co Rest; W 4.7, C 1.1, Si 1.2

X-40 10.0 25.0 Co 54.0, W 8.0, C 0.5

Chemical compositions (% by weight)
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The addition of alloying elements can have a significant impact on the superalloy 

properties. Table 2 presents a summary of the effects of different elements on the properties 

of nickel-based superalloys [4]. The presence of  γ and γ’ phases remain the major 

constituents in nickel-based superalloy microstructures, even with the addition of many 

other elements [13]. One of the disadvantages associated with γ′ precipitation hardened 

superalloys is its poor weldability due to strain age cracking (making it difficult for 3D 

printing). As such new weldable materials have been researched extensively by diluting a 

number of alloying elements while maintaining the material’s core strength and ductility. 

For instance, adding Co widens the alloy’s solidification range [21]. 

Table 2. Role of alloying elements in nickel-base superalloys [4]
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2.2.2 Ni-Fe-Cr-based superalloys 

Ni-Fe-Cr-based superalloys can be further classified into four groups: γ′-strengthened 

alloys, γ”-strengthened alloys, low-expansion alloys and solid solution alloys. A summary 

of each group can be found in Figure 7. 

 

Figure 7. Four subgroups in which Ni-Fe-Cr based superalloys can be classified 

Fe
-N

i-
b

as
ed

 s
u

p
er

al
lo

ys
Fe

-N
i-

b
as

ed
 s

u
p

er
al

lo
ys

γ′- strengthened alloysγ′- strengthened alloys

Evolve from austentistic stainless 
steel

Evolve from austentistic stainless 
steel

Examples of this iron-rich group are, 
A-286, Tinidur, Discaloy, and V-57

Examples of this iron-rich group are, 
A-286, Tinidur, Discaloy, and V-57

γ"- strengthened alloysγ"- strengthened alloys

Nickel-rich group containing γ' and γ" 
precipitates

Nickel-rich group containing γ' and γ" 
precipitates

Half of the production rate of all 
superalloys belongs to a γ" 

strengthened alloy: Inconel 718

Half of the production rate of all 
superalloys belongs to a γ" 

strengthened alloy: Inconel 718

Low-expansion alloysLow-expansion alloys

Fe-Ni-based alloys used in gas 
turbines where tight clearance 
control is required especially 

between rotating and static parts.

Fe-Ni-based alloys used in gas 
turbines where tight clearance 
control is required especially 

between rotating and static parts.

Suffer from poor oxidation resistance 
due to the lack of Cr concentration. 

Examples of these alloys are, Incoloy 
903 and Pyromet CTX-1  [9]

Suffer from poor oxidation resistance 
due to the lack of Cr concentration. 

Examples of these alloys are, Incoloy 
903 and Pyromet CTX-1  [9]

Solid solution alloysSolid solution alloys

They posses low strength and high 
oxidation resistance properties

They posses low strength and high 
oxidation resistance properties

Used in combustion chambers and 
flame holders. Examples of alloys are, 
19-9 DL and Alloy N-155 (Multimet)

Used in combustion chambers and 
flame holders. Examples of alloys are, 
19-9 DL and Alloy N-155 (Multimet)
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Inconel 718, a nickel-iron-chromium-based superalloy, is the main focus of this research. 

It was first evaluated by General Electric (GE) in terms of its mechanical properties and 

weldability, as replacement for highly alloyed steels. In January 1965, GE and other 

industries made the commitment to commercialize Inconel 718. It took over a decade of 

effort and resources before it was debuted on the GE-1 Core Engine Program and later on 

became widely used in many other applications, such as TF39 Military, CF6 Commercial 

Aircraft (Figure 2), LM2500 and 5000 Marine and Industrial engines as compressor 

blades/vanes and turbine frames and casings that are still ongoing [22]. Inconel 718 is 

perhaps the most widely used alloy with a production rate of roughly half of all superalloys 

in the world. In fact, nearly one-third of the materials in a GE CF6 engine consist of Inconel 

718. It has a temperature range that is limited to about 650°C [23] for very long term 

applications such as in a power generation turbines but superior stress carrying 

characteristic; some of its applications include rear stages of compressor blades and vanes, 

shafts, supports, casings, and so on [17].  Unavoidable impurities in trace amounts are often 

found in molten Inconel 718. When melted properly to produce low levels of impurities, 

this alloy presents tremendous design opportunities due to excellent fatigue life at service 

temperatures greater than 760°C [24] [12].  

 

Figure 8. Precipitations found in the microstructure of Inconel 718 [25] 
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One major concern in the design of new superalloys is the appearance of topologically 

closed-packed (TCP) phases such as Laves phases are often found in iron-nickel based 

superalloys (Figure 8). Laves phases are detrimental to the properties of the alloys and are 

rich in refractory alloying elements (assume complex hexagonal crystal structures). It is 

detrimental to the properties of the alloys. Its chemical composition assumes a form of A2B 

where A represents  Ni, Cr, Fe, and B represents Nb, Mo, Si and Ti in iron-nickel alloys 

[26]. Laves formation is promoted by high temperatures, stress, and time.  

Depending on the chemical and physical processes used in fabricating Inconel 718, it could 

include phases such as γ’-, γ”- and δ-phases, and minor secondary phases such as Laves 

phases and carbides and/or nitrides [27]. Because the gamma double prime precipitate 

forms more slowly than gamma prime, Inconel 718 is generally immune to strain age 

cracking (SAC) during post weld heat treatment (PWHT) [18].  

2.3 Additive manufacturing processes 

Additive manufacturing (AM) technology, also known as three-dimensional (3D) printing, 

builds parts from powder, wire or sheets by progressively adding thin layers on top of each 

other. Additive manufacturing technologies have gained momentum in the last decade and 

offer a broad range of advantages compared to conventional manufacturing techniques like 

casting, forging, or machining [28], providing one of a kind complex parts of different 

materials [29]. It is suitable for applications where low volume and high value parts are 

required, such as the aerospace and medical industry; and it also enables on-demand 

manufacturing with un-surpassed responsiveness and promotes a reconfigurable, agile 

manufacturing supply chain [30]. For these reasons, AM has progressed rapidly in recent 
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years from prototyping to end-use products, reaching a projected $21 billion market by 

2020 [31].  

This technology allows the production of complex or customized parts directly from the 

CAD design without the need for expensive tooling or forms such as punches, dies or 

casting molds and reduces the need for many conventional processing steps. Intricate parts 

true to their design can be made in one-step [32]. In summary, 3D printing provides 

flexibility in design,  material savings, as well as customisation and individualism [33]. 

2.3.1 Components of AM Systems 

A typical AM system consists of a heat source, a motion guidance system, a wire/powder 

delivery system, a carrier-gas delivery system, and sensors for feedback control. An energy 

source, i.e. a laser, electron or plasma arc, provides the heat to melt part of a substrate 

located on a build platform, creating a tiny melt pool. The substrate is either a sacrificial 

foundation or a pre-existing part (such as a worn forming die or a damaged part) that 

requires further material additions [34]. For additive manufacturing processes, the 

feedstock (the bulk raw metallic material that is fed into the process) can come in the form 

of powder (dry, paste or slurry), filament, or sheet [35]. Many factors can affect the final 

product’s surface finish, dimensional accuracy, microstructure integrity and mechanical 

properties, including power, relative traverse speed and pattern of power source (head or 

nozzle), powder/wire feed rates, deposition orientation and so on.   

2.3.2 Classifications 

Additive manufactured processes can be classified into three broad categories based on the 

process used for the production of metallic parts: Direct Energy Deposition (DED), Power 

Bed Fusion (PBF), and Sheet Lamination (SL), as represented by Figure 9.  
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- Direct Energy Deposition (DED) processes use a laser or electron beam to melt 

powders or wires as their being deposited. They can be referred to as Laser 

Engineered Net Shaping (LENS), Direct Metal Deposition (DMD), Laser Metal 

Deposition (LMD), Laser Freeform Fabrication (LF3), Shaped Metal Deposition 

(SMD), and Electron beam free-form fabrication (EBF). Some of the disadvantages 

associated with DED processes are the need for a support structure (hence post AM 

material removal), part geometry/complexity, rougher surface finish and higher 

cooling rates.  

 

Figure 9. Overview of AM processing principles for metallic materials 
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- In Powder Bed Fusion (PBF) technology the energy source can be either a laser or 

electron beam. PBF includes the following printing techniques: Direct Metal Laser 

Sintering (DMLS), Electron Beam Melting (EBM), Selective Laser Melting (SLM) 

and Selective Laser Sintering (SLS). SLS and DMLS operate by merging the 

particles in the material, without achieving a full melt. SLS is used to describe the 

sintering process when applied to non-metal materials and DMLS is used for metal 

materials.  

- Sheet Lamination (SL) processes can build material sheets through two processes: 

Laminated Object Manufacturing (LOM) and Ultrasonic Additive Manufacturing 

(UAM). LOM generates material sheets using a layer-by-layer lamination process. 

Sheets can be either cut and then bonded together or bonded and then cut. UAM or 

Ultrasonic Consolidation (UC), is a relatively new hybrid sheet lamination process 

that combines ultrasonic sheet welding with CNC milling. Multiple-layered parts 

are built from bottom to top on a rigid base plate and milled afterwards.  

Metal Additive manufacturing processes [36] can also be categorized based on their feed 

mechanisms as: powder bed systems, powder feed systems and wire feed systems. These 

three categories are based on material feed stock, energy source, build volume, and so on 

(Figure 10).   
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Figure 10. Generic illustration of AM processes: (a) powder bed system, (b) wire feed 

system, and (c) powder feed system [37] 

In a powder bed system, a 3D model is created and sliced into 2D slices. The powder is 

melted after being injected into the melt pool on the substrate, as shown in Figure 10.a. 

The process repeats itself until the completion of the part. Wire feed systems start with a 

3D CAD model which then is converted into CNC code. In the example shown in Figure 

10.b, the electron beam gun deposits metal, via the wire feedstock, layer by layer, until the 

part reaches near-net shape. Once the part reaches near-net shape, it undergoes heat 

treatment and machining [38].  Finally, direct powder feed is similar to the wire feed system 

as the material is deposited where it is needed. Figure 10.c shows how the powder delivery 

system deposits a steady and precise stream of powder through a single nozzle into the melt 
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pool. Further classification of metal additive manufacturing processes can be done as a 

function of the heat source (electron beam, laser or arc) [39].  

2.3.3 Materials and Microstructure 

Despite its potential applications in different fields, only a limited number of metallic alloy 

systems are currently available for high quality additive manufacturing: pure titanium, 

Ti6Al4V, 316L stainless steel, 17-4PH stainless steel, 18Ni300 maraging steel, AlSi10Mg, 

CoCrMo, and Nickel-based superalloys like Inconel 625 and Inconel 718 [39] [40]. Some 

of the challenges with using AM technologies are the material composition in-homogeneity 

in the printed parts and the formation of voids, microcracks and lack of fusion in laser 

sintering/melting parts [41]. In particular, the resultant microstructures have shown to 

differ drastically from those of wrought materials. Hot isostatic pressing (HIP) is often 

required for post processing to improve mechanical properties by the dissolution of 

undesirable phases as well as pore closures [42]. 

Two main challenges are encountered when manufacturing Inconel 718 SLM components. 

First, Inconel 718 contains fine MC-type carbides and eutectic γ/Laves phase segregated 

in interdendritic regions as seen in Figure 11; these eutectic reaction products happen when 

the concentration of Nb, Mo, C in the remaining melt is sufficiently high (~>850°C) [42]. 

The use of a high energy laser can result in irregularly shaped Laves phases rich in Nb and 

Mo or porosities. Second, a post-processing heat treatment is necessary to reduce the 

occurrence of carbide and Laves phase. The heat treatment includes: (i) solution heat 

treatment to dissolve hardening phases into the matrix and (ii) aging treatment to form γ" 

and γ' phases [43].  HIP-treatment to SLM manufactured Inconel 718 at 1160°C for 3 hours 



23 

 

has been reported to achieve complete dissolution of eutectic Laves phase; however, MC-

type carbides will still remain [43].  

 

Figure 11. Microstructure of SLM IN 718 showing Laves phase and MC carbides [42] 

The alternative is to use micro-plasma AM processes instead of SLM which is more cost 

effective and energy efficient than the laser or electron-based systems [44][45]. In addition, 

the deposition rate of micro-plasma process can exceed 10 times that of a laser or electron 

beam, in the scale of ~100 g/min. vs. 10 g/min [46][47]. Compared to other arc-based 

welding processes, micro-plasma transferred arc provides a cleaner weld deposit [48] due 

to the use of non-consumable electrodes and the presence of a secondary shielding gas 

system (Figure 12).   

In this research, a wire material is used due to lower cost and higher material utilization 

rate (near 100%). Use of wire in micro-plasma additive manufacturing can also eliminate 

contamination from reclaimed powders and moisture entrapment.  
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Figure 12. Illustration of Schematic Micro-Plasma Process [48] 

2.4 Oxidation of superalloys 

Oxidation is the chemical reaction of oxygen with a metal when it is exposed to a gas or 

aqueous environment. High temperature corrosion results in a considerable maintenance 

and replacement expenditure in various industries, including: high temperature processing, 

new renewable energy technologies, and other critical high temperature components (e.g. 

aircraft engines, turbines, and power plant boilers [49]. Its prevention is a multi-billion-

dollar industry, making the oxidation resistance of superalloys a key factor when 

determining the suitability of alloys.  

2.4.1 Rate of oxidation 

During the oxidation of different metals, various empirical rate laws have been observed. 

The rate at which the oxidation occurs depends on the access of oxygen to the metal atoms, 

the temperature, and the composition, grain shape and size of the metal. The resulting oxide 

layer has a strong effect on the material.  

Generally speaking:  



25 

 

1. The rate of oxidation is controlled by the rate of diffusion of oxygen or metal ions 

through the oxide. If oxygen diffusion is more rapid, oxidation occurs between the 

oxide and the metal; if the metal ion diffusion is more rapid, oxidation occurs at the 

oxide-atmosphere interface.  

2. Oxidation rates follow an Arrhenius relationship, increasing exponentially as the      

temperature increases [50]. 

3. Pure metals at high temperature have an oxidation rate that is proportional to grain 

size (i.e. oxidation rate decreases with decrease in grain size, hence more grain 

boundary for active metal transport such as Cr, Al and Si) [51].  

4. The transport mechanism of ions and electrons during the oxidation of pure metals 

can be explained by Wagner's theory of oxidation, i.e., the oxidation rate is 

controlled by both the partial ionic and electronic conductivities of oxides and the 

metal-oxide concentration [51]. 

The kinetics of oxidation of metals and alloys generally follow linear, parabolic and 

logarithmic reaction rates. A schematic representation can be seen in Figure 13.  

(a) The linear reaction rate is based on the surface reaction step towards the reactive 

gases of the environment [51]. Linear oxidation occurs when the surface is porous 

(i.e. magnesium), in cracked oxide films or when oxygen has continued access to 

the metal surface. In this case, the thickness of oxide (x) formed is represented by 

the following equation (Equation 2.4-1), where t is time and k is a constant that 

depends on the type of metal and temperature. 

𝑥 = 𝑘𝑡     Equation 2.4-1 
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The oxidation rate will remain constant through time when the oxide scale formed 

on the metal surface provides no protection barrier, this can occur due to oxide 

cracking and spalling, volatile oxides and molten oxidation products [52].  

(b) In a parabolic relationship, the oxidation reaction is controlled by the diffusion 

of ions through the oxide scale, which is in turn controlled by the chemical potential 

gradient as a driving force (Equation 2.4-2). This relationship is typical for metals 

with thick coherent oxides, i.e. Fe, Cu and Ni. 

𝑥 = √𝑘1𝑡 + 𝑘2     𝑜𝑟   𝑥2 = 𝑘1𝑡 + 𝑘2        Equation 2.4-2 

As the thickness of the oxide scale increases, the rate of oxidation decreases with 

increasing time due to the increasing diffusion distance for ions [52]. The oxidation 

rate is, thus, inversely proportional to the thickness of the oxide scale. 

The extent of reaction may also be expressed in terms of a mass change per unit 

area, Δm/A, as shown in Equations 2.4-3 and 2.4-4:  

(
∆𝑚

𝐴
)

𝑡

2

− (
∆𝑚

𝐴
)

𝑡0

2

= 2𝑘"(𝑡 − 𝑡0)                              Equation 2.4-3 

𝑘" = (
8

𝑉
)

2

𝑘′                                                     Equation 2.4-4 

where V is the equivalent volume of the oxide, and the units of k” are g2/cm-4. 

(c) In a logarithmic relationship, the driving force for the oxidation is the electric 

field across the oxide film [60], as expressed by Equation 2.4-5 (where k and c are 

constants for a particular temperature, environment, and composition). This 

reaction results in the growth of thin-oxide films in the range of 2-4 nm [51] which 

can be protective when composed of Al and Cr.  

𝑥 = 𝑘 ln(𝑐𝑡 + 1)                                             Equation 2.4-5 
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Figure 13. Oxidation film growth curves for linear, parabolic and logarithmic  

rate laws [50] 

 

 

Figure 14. Schematic of the transport in the scale and the course of oxidation for 

diffusion-controlled (parabolic) scale growth [54] 

The oxidation rate constant, kp, is the most important parameter that describes the 

resistance of a material to high-temperature oxidation. The slope in Figure 14 corresponds 

directly to the rate constant kp [53]; in this plot, the y-axis is the square of the measured 

mass change (Δm/A) or oxide thickness (x) and time (t) is plotted along the x-axis.  
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Oxidation, as evaluated by weight gain, behaves different in cyclic and isothermal heating 

environments. As shown in Figure 15, the rate of weight gain in both cyclic and isothermal 

oxidation is similar at the start but eventually a cyclic oxidation will reach a maximum and 

start to decrease. This decrease, which is due to oxide spalling, actually corresponds to a 

more rapid rate of consumption of the alloy [3]; Inconel 718, the focus of this research, 

follows an isothermal oxidation behavior.  

 

Figure 15. Schematic plot of weight change vs. time comparing isothermal and cyclic 

oxidation behavior of the same alloy 

2.4.2 Types of oxidation for Ni-based alloys 

A large number of Nickel-base superalloys rely on the formation of Cr2O3 and Al2O3 scales 

for oxidation resistance. The oxidation behavior of the Ni-Cr alloys may be separated into 

three types [50]: 

- Type I – it corresponds to dilute alloys (<10%Cr). For this group the rate constant 

k’ is somewhat larger than those for pure nickel due to the “doping” of the NiO 

scale with Cr, which results in an increased diffusivity of Ni ions. 
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- Type II – it corresponds to alloys with a Cr concentration ranging between 10-

30%. External scales of Cr2O3 can be observed over alloy grain boundaries, while 

external NiO scales form over alloy grains with some internal Cr2O3 formation.  

- Type III (>30%Cr) – For this group the rate constants are several orders of 

magnitude smaller than those for pure Ni. 

 

Continuously formed protective oxide scales such as chromia (Cr2O3) and alumina (Al2O3) 

enable Ni-based superalloys to be exposed to air at high temperatures with minimum 

material loss (spallation or oxide ingression). However, alloys that form protective Cr2O3 

scales are susceptible to accelerated degradation at very high temperatures in high pO2 gases 

due to the following reaction: 

 

where (s) stands for solid and (g) stands for gas. 

Chromia acts a protective barrier at elevated temperatures but becomes unstable above 

871°C, requiring alumina to provide the protection [54]. Figure 16 is a graphical 

representation where one can observe different oxides on AM Inconel 718 after oxidation. 

Here the formation of Cr2O3 dominates the early stage of oxidation process.  

)(2)(
2

3
)( 3232 gCrOgOsOCr =+
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Figure 16. Surface oxides formation on AM Inconel 718 after  

high temperature oxidation [55] 

2.4.4 Oxidation of Ni-based superalloys and Inconel 718 

The growth rate and type of oxides formed in superalloys depends on multiple factors. The 

rate of oxide growth on a metal surface has been characterized by analyzing the effects of 

time and temperature on the metal structure [53]; several studies have also been conducted 

on Ni-based superalloys and their oxidation behaviour as a function of the manufacturing 

process used and service temperature; while others have attributed it to the chemical 

composition of the superalloy. A summary of a few is presented as follows. 

Juillet et al. [56] studied AM and wrought Inconel 718 exposed to 600–800°C for a 48h 

period and found that a Cr2O3 layer developed on both materials. In wrought Inconel 718, 

the chromia layer appeared less compact than that on additively manufactured specimens. 

The oxidation behavior of a Ni-based GH202 superalloy was investigated by Cao et al. 

[57]. After being exposed to 800°C for 100h, oxide scales composed of Cr2O3, NiCr2O4 
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and TiO2 were observed. One of their secondary findings was that GH202 (with a 

composition (wt. %) of 1.38Al, 2.02Ti, 20.39Cr, 4.08Mo, 5.62W, 0.06C, and balanced Ni) 

has the ability to form a continuous and compact Cr2O3 layer at 800°C and 900°C. While 

at 1000°C for 150 h and 1100°C for 100h, there was spallation of the chromia layer. 

Ample research has concluded that the oxidation of Inconel 718 and similar Ni-based 

superalloys follows a parabolic oxidation behavior that is governed by the diffusion of 

anions and/or cations through the external scale. Mallikarjuna et al. [58] validated this as 

part of the comparison of the isothermal oxidation of three Ni-based superalloys: 

polycrystalline cast IN738LC (low carbon alloy), single-crystal N5, and a powder 

metallurgy Ni-Cr-Fe alloy (with 6% Al and 0.5% Si). Sanviemvongsak et al. [55] 

concluded that EBM, LBM and wrought Inconel 718 followed quasi-parabolic oxidation 

rates. Other studies [59] [60] found that SLM Inconel 718 specimens exposed for extended 

time ranges at 850°C have a parabolic oxidation rate resulted from the formation of a dense, 

protective, and stable oxide scale on the surface of the alloy.  

Jia et al. [61] investigated the oxidation behaviour of Inconel 718 as a function of SLM 

processing parameters and concluded that 330 J/m is the optimum laser energy density 

required to achieve a refined microstructure with lower mass gains (Figure 17).  
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Figure 17. SLM-processed Inconel 718 SEM images showing (a) surface  

and (b) crystal morphology [61] 

Wang  et al. [62] reported that SLM printed specimens exhibited superior ductility than 

wrought Inconel 718 but inferior ultimate tensile strength (UTS) and yield stress (σ).  

However, after heat treatment, the tensile strengths and ductility of the SLM+HTed Inconel 

718 at room temperature were compared with those of wrought Inconel 718; results can be 

found in Table 3. 

Table 3. Tensile test results for Inconel 718 [62] 

 

Based on the literature review, it becomes apparent that oxidation resistance plays an 

important part in alloy performance and selection. As such, as part of the development of 

new AM process to create 3D geometry, the effects of temperature and duration on the 

oxidation behaviour of AM Inconel 718 was evaluated and forms the main focus of this 

thesis. The ultimate objective is to demonstrate if a plasma arc additively manufactured 

specimen is equivalent to wrought Inconel 718 alloy.   
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Chapter 3: Materials and Experimental Procedure 

This chapter details the experimental procedure that was used for this research. A general 

summary is presented in Figure 18.  

 

Figure 18. Experimental procedure 

3.1 Inconel 718 specimens 

All additively manufactured (AM) specimens studied in this research were Inconel 718 

with composition summarized in Table 4. Both specimens have high concentration of Cr 

that promotes the formation of a protective Cr2O3 oxide layer and gives the alloy its 

oxidation and hot corrosion resistance [4]. The presence of Nb, formerly known as 

Columbium, in this alloy makes it free from strain-age cracking during welding.; it also 

presents trace amounts of aluminum and titanium which serve as a basis for possible 

secondary precipitation hardening. 

A wrought of Inconel 718 material was used as the baseline. The baseline wrought 

specimen has a similar composition to the AM specimen, refer to Table 4, where the main 

difference in composition is trace elements which represent <3% of the final composition 

of the materials. High amounts of Cr (~21%) are present in the alloy, along with several 

other major (Ni, Fe, Nb, Mo) and minor (Ti, Si, Co) alloying elements. In addition to the 
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elements listed in Table 4, several trace elements are present in baseline wrought Inconel 

718 such as copper, manganese, copper, sulfur, phosphorus and boron. 

Table 4. Specification of Inconel 718 wire and baseline wrought material 

 

3.2 Inconel 718 micro-plasma additive manufacturing 

A micro-plasma system was used to manufacture the AM specimen. In this system, an arc 

is generated between the nozzle and a recessed tungsten electrode; the arc (ionized Ar) is 

then constricted or transferred to the substrate through a secondary gas system and a special 

nozzle design. Micro-plasma AM was conducted using an automated welding machine that 

provides a heat source with fully controllable voltage and amperage ranges, in addition to 

Automatic Voltage Control (AVC) for exact stand-off distance. The torch is controllable 

in the X, Y and Z axes and the wire feeder is speed controlled. Thermal management of 

the weld is achieved by pulsing the weld current and pulsing the weld wire into the 

developing weld pool.  

Element Inconel 718 wire (wt. %) Baseline wrought Inconel 718 (wt. %)

Nickel, Ni 50 – 55 50 – 55

Chromium, Cr 17 – 21 17 – 21

Niobium, Nb 4.75 – 5.5 4.75 – 5.5

Molybdenum, Mo 2.8 – 3.3 2.8 – 3.3

Cobalt, Co 1

Titanium, Ti 0.65 – 1.15 0.65 – 1.15

Silicon, Si 0.35

Manganese, Mn 0.35

Copper, Cu 0.3

Aluminum, Al 0.2 – 0.8 0.2 – 0.8

Carbon, C 0.08

Sulfur, S 0.015

Phosphorus, P 0.015

Boron, B 0.006

Iron, Fe Balance Balance

Specification ASTM B637/B670, “Turbaloy 718” AMS 5662, ASTM B637, “Pyromet 718”

Supplier United States Welding Corp. Carpenter Technology Corporation
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The welding/printing setup for Inconel 718 involved a liquid cooled copper vice that held 

a sacrificial substrate in a vertical orientation. The plasma arc welding torch was placed 

vertically towards the vice, presenting a ‘down-hand’ welding position. The vice was held 

in a constant position for all specimens with marked lines on it to denote where the 

specimen sat within it. Both longitudinal and transverse specimens were fabricated with 

the same orientation. The equipment set up can be seen in Figure 19. 

 

Figure 19. Additive manufacturing process setup 

The Inconel 718 AM specimens were produced at open atmosphere with inert gas shielding 

and the first root pass for all the specimens had the same parameters. To start each specimen 

the LAWS500 machine was homed and zeroed. The machine has 4 axes (X, Y, Z and W), 
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but the W axis was not used in this study (torch rotation) and instead was kept in line with 

the vice. The wire feeder was positioned to feed directly into the advancing front of the 

weld pool. A simple rectangular shape was programmed using the parameters summarized 

in Table 5. The machine was recalibrated after every 4 specimens to avoid bead stacking 

faults arising from machine bias.  Once all the required specimens were printed, they were 

heat treated to 1066°C for 2 hours and allowed to air cool to room temperature.  

Table 5. Additive Manufacturing Process Parameters 

 

3.3 Inconel 718 specimen preparation 

AM Inconel 718 specimens were milled, with a vertical milling attachment, to create a 

smooth surface for oxidation testing (as seen in Figure 20). Machining was done using a 

cobalt 4 flute center cut end mill with a shank diameter of 3/8” and at low speed to avoid 

heat generation. 

High Current (A) 19.0/23

Low Current (A) 13.0/12

Pulse 3 Hz

Voltage (V) 19.6/19

Travel Speed (ipm) 3

High Wire Feed Rate (ipm) 33

Low Wire Feed Value 0.035s

Gas Used H2/95%Ar

Shield Gas Flow Rate (lpm) 13.5

Trail Gas Flow Rate (lpm) 30

Backup Gas Flow Rate (lpm) 4.5

Sample dimensions, mm x mm Sample size 105mm x 20mm

Total process time (L/T min) 96/71
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Figure 20. Milling of AM Inconel 718 using a Sajo vertical milling attachment 

Once all faces were milled, a Computer Numerical Control (CNC) machine was used to 

cut identical pieces.  Approximately 3 flat end mills with a 0.045 in. diameter and a constant 

feet rate was used. Coolant was supplied constantly to prevent any heating while cutting 

the specimens. A CNC machine was also employed for cutting pieces off the wrought 

Inconel 718 (Figure 21).  

 

Figure 21. Milling of baseline wrought Inconel 718 using CNC milling 

The final dimensions can be seen in Figure 22.  
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Figure 22.Measurements of AM (a) and baseline wrought (b) Inconel 718 

Before oxidation, specimens were first polished using 120, 240, 400, and 600 grit SiC 

abrasive papers, and then cleaned ultrasonically in alkaline solution, water, and acetone 

separately, for 15 minutes in each condition. Trace humidity was eliminated by drying the 

specimens in a Cole-Parmer muffle furnace for two hours at 200°C, final specimens are 

shown in Figure 23. The specimens were then weighed in a Mettler Toledo AG285 scale 

(of 10−5 g precision). Clean handling gloves and individual storage bags were used for each 

specimen at all times to prevent the contamination of the specimens.  

 

Figure 23. Baseline wrought (a) and AM (b) Inconel 718 specimens after removal of 

excess moisture 
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3.4 Inconel 718 specimen oxidation 

To investigate the effect of different temperature and duration on the microstructure AM 

and wrought materials, a series of heat treatments were performed (summarized in Table 

6). Specimens were oxidized in a Cole-Parmer muffle furnace at 800°C and 900°C for 

varying periods of time; note that temperature may vary by as much as 10°C to 15°C due 

to the capability of the air furnace. The selection of the two set temperatures are based on 

the maximum operating temperatures expected of this alloy.   

Table 6. Oxidation Experiments with AM and baseline wrought Inconel 718 

Alloy Temperature (°C) Oxidation Times (h) 

AM Inconel 718 

Ambient 0 

800 100, 200, 400 

900 50, 100, 200 

Baseline wrought 

Inconel 718 

Ambient 0 

800 100, 200, 400 

900 50, 100, 200 

 

Three baseline and three AM specimens (on their respective crucibles) were placed within 

the oven at the start of each heat treatment. A specimen of each was removed at the 

predetermined time (50, 100, 200 or 400 hours as per Table 6).  

Upon removal from the oven, specimens were air cooled until safe handling. Figure 24 

shows the specimens after removal from the furnace.  
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Figure 24. Baseline wrought specimens after heat treatment at 800°C for 100, 200 and 

400h, respectively 

3.5 SEM and EDS specimen preparation 

After oxidation, specimens were prepared for Scanning Electron Microscopy (SEM) and 

Energy-Dispersive Spectroscopy (EDS) analysis. In order to achieve high quality SEM 

images, metal (i.e. gold or copper) coating of the entire specimen is important; the metal 

coating improves the electron conductivity of the specimen and provides a protective 

coating in the oxidized specimens. A Quorum Q150T ES Specimen Preparation System 

was used, operating at 50A of current for 1-2 minutes of evaporation with a resulting 10-

20 nm thick gold/copper layer. For specimens that were used for surface analysis, no 

coating or mounting were required.  

After coating, the pucks were formed by fully covering them in bakelite resin. This was 

achieved by using a Buehler Simplemet II hydraulic press machine (Figure 25.a) operating 

at 9 psi for 15 minutes. Specimens were placed in such a way that the cross-sectional views 

of the specimen were facing upwards after retrieving. A total of 7 pucks were made, each 

puck included two specimen of AM Inconel 718 and the wrought specimen that was 

subjected to the same oxidation conditions.  
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Figure 25. Puck specimen preparation: (a) hydraulic press of Inconel 718 specimen with 

epoxy resin, (b) non-conditioned puck specimen, (c) auto polish of a puck and (d) 

conditioned puck specimen with mirror finish 

The resulting pucks were then polished using a Buehler Auto Polisher (180 and 240 SiC, 

9µm and 3 µm diamond suspension, finished with 0.05 µm alumina suspension) until 

mirror finish was achieved (i.e. surface does not have any visible scratches or other 

imperfections); Figure 25 shows a representation of the different steps. 

The specimens that were not subjected to the oxidation were swabbed using Kalling’s 

etchant in order to bring out the grain boundary structure (small changes in etching time 

can result in differences in the revealed microstructure).  The Kalling’s reagent is made of 

1.5 g CuCl2, 33 ml Ethanol, 33 ml distilled water and 33 ml HCl.  

3.6 SEM and EDS analysis 

The topography, morphology and composition of the resulting microstructures were 

analyzed at high vacuum in a Tescan VegaII XMU-SEM electron microscope which is 

equipped with Oxford X-ray detection systems (INCA EDS), as shown in Figure 26. 

Scanning electron microscopes (SEM) yield images with higher magnification, better 

resolution, and a larger depth of field than conventional optical microscopes.  
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This particular SEM has four-lenses, a resolution of 10 nm, a maximum magnification of 

500 kx and a maximum accelerating voltage from 0.2 kV to 30 kV. The vacuum is 

generated by a turbomolecular and rotary force vacuum pump. It uses electrons from a 

tungsten filament for the imaging, the result is a surface profile for the specimen depicted 

as a 3D image. The Energy-Dispersive Spectroscopy (EDS) system is a semi-quantitative 

analysis method with a ±2.5% error margin. EDS is based on an x-ray detector, a liquid 

nitrogen chamber for cooling, and software to collect and analyze energy spectra. The 

detector is mounted in the specimen chamber of the main SEM. 

 

Figure 26. Image of SEM and EDS 

In order to analyze the specimens, carbon and copper are added to each puck; where carbon 

is a conductor and copper is the reference material used for equipment calibration. The 

pucks are first coated with conductive carbon using the same technique and equipment that 

was used for depositing gold or copper. A copper tape is added atop the carbon coat 

immediately prior to testing in the SEM machine. It is important to note that the different 

microstructural phases were identified by matching the EDS result to documented 
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compositions and morphologies seen in the literature; each region of interest was tested at 

least 7 times. The 7 resulting tests were then analyzed and used to identify composition 

and morphology trends that were then matched to literature.  In the case where 

microstructures were complex and contained many phases in fine morphologies, it is 

possible that there are phases or structures that were simply too small to be seen with a 

SEM.  
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Chapter 4: Experimental Results and Discussion 

Inconel 718 is a precipitation strengthened nickel (and iron) -based superalloy with 

refractory elements including niobium and molybdenum, in a nickel-chromium-iron 

matrix. The isothermal oxidation behavior of additive manufactured Inconel 718 and 

conventional baseline wrought Inconel 718 is reported this chapter. The objective of this 

chapter is to summarize the results that were obtained for the seven conditions of each 

material presented in Table 6 and compare the results among the two sets of specimens to 

those in the literature. 

4.1 As-received and as-printed microstructures 

An as-printed AM Inconel 718 specimen after polish and etching can be seen in Figure 27.  

No clear grain boundaries can be observed in the microstructure but some voids, likely 

remnants from the polishing, are still present (e.g. point 1). There are bright, elongated 

precipitates that can be identified as laves phase (point 2). The Laves phase has an A2B 

formula composition, with Fe, Ni, and Cr in the A position and Nb, Mo, and Si in the B 

position (refer to Table 7). Laves phases are commonly present in cast alloy 718 as a 

consequence of elemental segregation of the Nb (and Mo) during the solidification; where 

the phase depicted in Figure 27 is a good example of their characteristic irregular shapes 

in inter-dendritic regions. When being exposed to high temperatures for a long period of 

time it typically resembles irregularly shaped globules or elongated platelets. A Laves 

phase is a brittle intermetallic phase formed when the Nb concentration exceeds 12 wt.% 

[63]. The Laves phase adversely influences the tensile ductility [64].  
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In addition to the presence of Laves phases, small spherical Ni-rich precipitates can be 

observed, likely Ni3Nb (point 3). The compositions of the different phases of interest are 

presented as weight percentage and atomic percentage in Table 7.  

 

Figure 27. SEM image of as-printed AM Inconel 718 microstructure using a BSE 

detector with (a) 1000x and (b) 5000x magnification 

Table 7. As-printed AM Inconel 718 composition 

Weight % 

Points Al Ti Cr Fe Ni Nb 

1. Matrix 1.00 0.82 20.24 21.18 54.41 2.35 

2. Laves   1.02 13.61 13.02 38.76 33.58 

3. Ni-rich precipitate   1.51 15.53 14.53 50.84 17.59 

  

Atomic % 

Points Al Ti Cr Fe Ni Nb 

1. Matrix 2.10 0.96 21.93 21.37 52.22 1.42 

2. Laves   1.38 17.02 15.16 42.93 23.50 

3. Ni-rich precipitate   1.91 18.15 15.81 52.63 11.51 

 

Additive manufacturing is essentially a highly localized solidification process where the 

resulting microstructure is governed by heat transfer, solidification and phase 



46 

 

transformations [65]. Studies have concluded that in a powder bed AM process an increase 

in the spot size and power density resulted in increased solidification time and reduced 

temperature gradients, thus favoring the formation of equiaxed grain formation [66]. In this 

study, as shown in Figure 28, although the grain boundaries are not clearly seen, the usual 

dendritic structure of a cast is not observed.  

Baseline wrought Inconel 718 presents more defined grain boundaries and an equiaxed 

grain structure (Figure 28), as opposed to the AM printed specimen. A similar 

microstructure was also observed by Rickenbacher et al. [67] on nickel-based superalloy 

Inconel 738. The matrix (point 1 in Figure 28) is a γ-FCC Ni-rich phase. Thin needles (δ-

phase) are also visible inside equiaxed grains and along the grain boundaries (point 2 in 

Figure 28). Mo was not detected by SEM, this could be due to the overlap in the electron 

energy between Mo and Nb,  making it difficult to differentiate the two elements (Table 

8). 

 

Figure 28. SEM image of as-received baseline wrought Inconel 718 obtained using a 

BSE detector at (a) 1000x and (b) 5000x magnification 
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Table 8. As-received baseline wrought Inconel 718 composition 

Weight % 

Points Al Ti Cr Fe Ni Nb 

1. Matrix 0.65 1.10 19.59 18.55 56.13 3.99 

2. δ-Ni3Nb 0.81 1.23 17.32 16.06 56.04 8.54 

  

Atomic % 

Points Al Ti Cr Fe Ni Nb 

1. Matrix 1.36 1.30 21.47 18.93 54.49 2.45 

2. δ-Ni3Nb 1.74 1.49 19.33 16.69 55.41 5.34 

 

4.2 Weight change after oxidation  

Weight gain was measured prior to oxidation test and at the different oxidation 

temperatures and times. To improve accuracy, the weight of each specimen was taken three 

times and then averaged. Table 9 and Table 10 summarize the weight change (and standard 

deviation) of the additively manufactured and baseline wrought Inconel 718 specimens 

respectively. Note that only the averaged final weights (before and after heat treatment) 

were used for the weight change per unit surface area over time. 

Table 9. Weight change of AM Inconel 718 specimens 

 

 

Temperature Time (h)
Avg. weight 

sample (mg)

Standard 

deviation (mg)
Area (cm²)

Avg. weight 

sample (mg)

Standard 

deviation (mg)
Δm (mg)

Weight change 

per unit area 

(mg/cm²)

100 1072.733 0.047 1.980 1072.900 0.082 0.167 0.084

200 1226.500 0 2.162 1226.867 0.047 0.367 0.170

400 1143.667 0.047 2.049 1144.133 0.047 0.467 0.228

50 1037.733 0.047 1.971 1038.433 0.047 0.700 0.355

100 1073.267 0.047 1.962 1074.267 0.047 1.000 0.510

200 1086.967 0.047 1.960 1088.300 0.082 1.333 0.680

Additive manufactured Inconel 718

800°C

900°C

Before oxidation After oxidation
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Table 10. Weight change of baseline wrought Inconel 718 specimens 

 

 

Figure 29. Weight change of Inconel 718 specimens at 800°C 

At 800°C (Figure 29), AM and baseline wrought specimens show similar weight changes 

at 100h and 400h. Despite that the AM specimen showed a slightly higher weight change 

at 200h than the baseline wrought, the general trend highlights that the oxidation behaviour 

of AM and baseline wrought Inconel 718 is very similar. Greene et al. [68] reported that at 

Temperature Time (h)
Avg. weight 

sample (mg)

Standard 

deviation (mg)
Area (cm²)

Avg. weight 

sample (mg)

Standard 

deviation (mg)
Δm (mg)

Weight change 

per unit area 

(mg/cm²)

100 5914.967 0.047 4.500 5915.333 0.047 0.367 0.0815

200 6142.300 0 4.614 6142.967 0.047 0.667 0.1445

400 6165.067 0.170 4.592 6166.133 0.047 1.067 0.2323

50 5745.933 0.047 4.458 5747.700 0 1.767 0.3963

100 5940.167 0.047 4.469 5942.600 0.082 2.433 0.5444

200 5929.500 0.082 4.454 5932.267 0.047 2.767 0.6212

After oxidation

800°C

900°C

Baseline wrought Inconel 718

Before oxidation
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temperatures below 900°C, Inconel 718 experiences a period of transient oxidation after 

24 hr of oxidation in air.  

 

Figure 30. Weight change of Inconel 718 specimens at 900°C  

At 900°C (Figure 30), there is a slightly more noticeable distinction between AM and 

baseline wrought Inconel 718. AM specimens had smaller weight gains after 50h and 100h, 

which implies that the specimens may have less oxidation for the first 100 hours and 200 

h. At 200h, the weight gain surpasses the baseline wrought, possibility due to scale 

spallation on the baseline wrought 718. It’s important to emphasize that oxidation treatment 

at 800°C had favorable outcomes, showing lesser weight gain over time thanks to the 

formation of chromia oxide layer. With an increase in temperature by 100°C there is a 

three-fold increase in weight gain for both AM and baseline wrought specimens. This is 

due to the increasing driving force for oxidation with higher temperature.  
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Furthermore, the square of the mass gain per unit area is shown in Figures 31 and 32 where 

mass gain per unit area increases linearly with increasing time. A curve fit yields the 

parabolic oxidation rate constant (Kp). The value of Kp validates the prior findings, i.e., at 

900°C a higher oxidation rate is observed in both specimens and also higher oxidation rate 

is perceived for AM Inconel 718 at both temperatures, although the difference is minimal 

at 800°C.   

 

Figure 31. Square of the mass gain per unit area versus time for AM Inconel 718 

oxidized in air at temperatures at 800°C and 900°C for up to 400hr  
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Figure 32. Square of the mass gain per unit area versus time for baseline wrought 

Inconel 718 oxidized in air at temperatures at 800°C and 900°C for up to 400hr 

4.3 Surface oxide formation and oxidation behavior at 

800°C 

The isothermal oxidation behavior of additive manufactured Inconel 718 and conventional 

baseline wrought Inconel 718 at 800°C is presented in this section. Note that using the EDS 

analysis method, it is not possible to delineate exactly which oxide is formed, as such Cr-

rich or Ni-rich oxide is used to describe the oxides formed in different regions throughout 

this research. 

4.3.1 Surface oxides 

The surface microstructure of the different specimens at different oxidation duration is 

presented here. The expectation was for chromia oxide layers to form on the surface, given 

the composition of Inconel is enrich in Cr; indeed, chromia oxides are present on both AM 
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and baseline wrought Inconel 718, Figure 33. The external oxide scale is homogenous and 

adherent.  

It is hard to quantify the thickness changes of Cr2O3 as a function of time, but the obvious 

changes in oxide shape and size are noted where longer exposures result in larger chromia 

precipitates as can be seen in Table 11.  

 

Figure 33. Surface oxide topography of AM and baseline wrought Inconel 718 specimens 

oxidized at 800°C for different times ranges. 
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Table 11. EDS composition of surface oxide at 800°C 

Weight % 

Specimen O Al Ti Cr Mn Fe Ni Nb 

a 29.15 0.48 3.98 54.82 2.20 1.80 6.30 1.26 

b 33.01   2.79 44.24   4.57 13.07 2.32 

c 29.63 0.41 2.54 47.81 1.81 3.30 12.12 2.37 

d 35.82   2.12 44.13   1.56 3.88 12.50 

e 35.62   5.01 53.83 3.25 0.56 1.36 0.38 

f 32.54   2.24 59.85   1.02 3.47 0.88 

  

Atomic % 

Specimen O Al Ti Cr Mn Fe Ni Nb 

a 57.46 0.56 2.62 33.26 1.26 1.02 3.39 0.43 

b 62.49   1.76 25.77   2.48 6.74 0.76 

c 58.54 0.48 1.68 29.06 1.04 1.87 6.52 0.81 

d 66.63   1.32 25.26   0.83 1.97 4.00 

e 64.30   3.02 29.90 1.71 0.29 0.67 0.12 

f 61.29   1.41 34.69   0.55 1.78 0.29 

 

4.3.2 Inconel 718 substrate microstructural changes after 800°C oxidation test 

The substrate microstructure changes are viewed on the cross-sections of specimens after 

oxidation. Figure 34 highlights the microstructural changes of both AM and baseline 

wrought Inconel 718 after being oxidized at 800°C for different time intervals. Figure 34.a 

and Figure 34.b represent the as-printed and as-received microstructures that were already 

presented in the previous section.  

A total of three key phases were identified for both AM and baseline wrought Inconel 718. 

The key differences between both specimens are: the size of the delta phase, the grain 

boundary precipitates, and also the occurrence and distribution of γ”.  Table 12 andTable 

13 summarize the EDS analysis results of different phases in both alloys oxidized for three 

different durations. 
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Figure 34. Microstructure of AM and baseline wrought Inconel 718 specimens oxidized 

at 800°C for different times.  

The first phase of interest (point 1 in Figure 34) is the matrix of the AM Inconel 718 metal, 

which has small spherical γ” precipitates. This matrix is similar to baseline wrought 
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specimen given the composition resemblance of the original two alloys (e.g. Figure 34.d 

and Figure 34.e).  

Table 12. Composition analysis for AM Inconel 718 specimens held at 800°C 

Weight % 

Points Al Ti Cr Fe Ni Nb 

1. Matrix 0.92 1.20 19.24 19.25 55.03 4.35 

2. Laves   1.79 15.34 8.53 46.97 27.37 

3. Ni-rich precipitate   1.51 15.53 14.53 50.84 17.59 

4. δ-Ni3Nb   1.16 18.91 18.55 54.70 6.68 

  

Atomic % 

Points Al Ti Cr Fe Ni Nb 

1. Matrix 1.94 1.43 21.05 19.61 53.31 2.66 

2. Laves   2.37 18.67 9.67 50.64 18.65 

3. Ni-rich precipitate   1.91 18.15 15.81 52.63 11.51 

4. δ-Ni3Nb   1.40 21.10 19.27 54.06 4.17 

 

Laves phases, point 2 in Figure 34, is a detrimental solidification phase in Inconel 718 that 

can present itself in both welded (AM is essentially a multiple pass welding process) and 

cast products when alloying elements Nb, Mo, Ti, and Si exceed their solubility limit in 

the austenite matrix [64]. Laves phase formation also depends on the initial grain structure 

and composition of the base metal [69]; the proper selection of alloying elements in Inconel 

718 can help minimize its formation [70]. With given alloy compositions and 

manufacturing methods used in this study, the morphology of the Laves phases changes 

with time, from globular (Figure 34.a) to more blocky (Figure 34.f) and finally irregularly 

shaped (Figure 34.g). High temperature and extended exposures promote the formation of 

Laves phase.  
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Table 13. Composition analysis for baseline wrought Inconel 718 specimens held at 800°C 

Weight % 

Points Al Ti Cr Fe Ni Nb 

1. Matrix 0.65 0.96 17.35 16.04 56.30 8.70 

2. Laves   2.15 4.67 5.05 60.36 27.76 

3. γ"-Ni3Nb   1.62 11.36 10.29 57.10 19.63 

4. δ-Ni3Nb   1.45 14.28 12.77 58.64 12.85 

  

Atomic % 

Points Al Ti Cr Fe Ni Nb 

1. Matrix 1.41 1.16 19.43 16.72 55.83 5.45 

2. Laves   2.90 5.79 5.83 66.24 19.25 

3. γ"-Ni3Nb   2.09 13.49 11.37 60.02 13.04 

4. δ-Ni3Nb   1.81 16.44 13.69 59.78 8.28 

 

The presence of δ-Ni3Nb is seen in both AM and baseline wrought Inconel 718 (needle 

shape as shown in point 4 in Figure 34). It has similar composition as γ” phase which is 

responsible for the elevated temperature strength of the material. The main difference 

between these phases is their morphology as δ phase is characterized as being needle as 

shown in Figure 34.b while γ” assumes spherical or cuboidal shape. Delta phase generally 

precipitates on grain boundaries by nucleation followed by the growth of thin plates 

(needles) extending into the grains, which retards grain size growth during thermal 

exposure [71]. It has been reported that the metastable γ” phase can undergo a slow 

transformation into δ phase (point 4 Figure 34) if the operating temperature is >650°C [27] 

[72]. As the exposure time increases in AM and baseline wrought specimens (from 100h 

to 200h and finally to 400h) we first see an increase in γ” phase until 200 hours and then 

at 400h a decrease is observed due to the transition into δ phase along the grain boundaries 

and within the matrix. 
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Other researchers have concluded that in Inconel 718 MC carbide (TiC or NbC) may be 

present [73], however given that the SEM specimens were coated with carbon for testing, 

it is hard to conclude if some of the blocky particles present on the grain boundary region 

are carbides.  It is likely that the phases labelled by point 3 in both AM and baseline 

wrought specimens are carbide in nature due to their morphologies.  

4.3.3 Cross-section of Inconel 718 after 100h of exposure 

The AM specimen exhibited an oxide layer atop the metal surface, as can be seen in Figure 

35. In this image, four different regions are observed, and EDS analysis is carried out on 

these regions to support the identification of the phase. 

 

Figure 35. Oxide layers on AM Inconel 718 after 100h at 800°C  
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Table 14. Composition of AM Inconel 718 after 100h at 800°C 

 Atomic % Weight % 

Element A B C D A B C D 

O K 52.48 12.33  31.74 25.52 4.02  11.80 

Al K 1.13 1.34  2.12 0.93 0.73  1.33 

Ti K 1.40 2.49 12.86 1.40 2.04 2.43 8.65 1.56 

Cr K 42.66 49.87 12.56 22.98 67.41 52.78 9.17 27.76 

Fe K 0.80 9.72 9.61 10.59 1.35 11.05 7.54 13.74 

Ni K 1.54 24.25 43.86 29.53 2.75 28.98 17.41 40.28 

Nb K   21.11 1.64   57.23 3.54 

 

Region A consists mainly of Cr and O elements which can be inferred to be the chromia 

oxide layer (elemental composition given in Table 14). It is not possible to estimate the 

layer thickness as the chromia layer is very uneven. There are several bright particles in 

the Cr2O3 layer that are rich in Ni and Nb (region D).  Between the oxide and substrate 

metal, there is occasional dark spots (region B) with elevated Ni and Fe, a possibility of 

NiO or FeO formation. Lastly, the presence of Laves phase is evident in region C, besides 

thin elongated δ plates.  

Similar to the AM specimen, the baseline wrought specimen (Figure 36) also contains a 

Cr2O3 layer that is adherent (region A). However, comparing to AM specimen oxidized 

under the same condition, the Cr content detected on the top layer is much lower, due to 

the extremely thin submicron layer.  Below the chromia layer, there is a thin Ni and 

possibly Nb-rich sublayer (region B) that covers the majority of the surface. In region C, 

further nearing the substrate, the oxide also appeared to be Ni rich; possibly an indication 

of gradual Cr depletion in the alloy, leading to NiO formation. Lastly, in region D, there is 

an enrichment of Nb, in comparison to the other regions; based on its composition it is 

determined to be a δ-Ni3Nb phase (Table 15).  
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Figure 36. Oxide layers on the baseline wrought Inconel 718 after 100h at 800°C  

 

Table 15. Composition of baseline wrought Inconel 718 after 100h at 800°C  

 Atomic % Weight % 

Element A B C D A B C D 

O K 71.55 46.85 28.91 8.13 43.49 19.90 10.56 2.26 

Al K 1.00 2.99 6.17 1.50 1.03 2.14 3.80 0.71 

Ti K 1.86 1.54 3.57 1.65 3.38 1.96 3.90 1.37 

Cr K 22.07 10.50 10.11 8.23 43.59 14.49 12.01 7.45 

Fe K 0.76 8.66 12.99 11.62 1.62 12.84 16.57 11.30 

Ni K 2.17 26.43 35.85 57.95 4.84 41.20 48.07 59.24 

Nb K 0.58 3.03 2.40 10.92 2.05 7.47 5.09 17.66 

 

4.3.4 Cross-section of Inconel 718 after 200h of exposure 

After 200 hours of exposure at 800°C, AM Inconel 718 specimen reveals a more dense 

outer oxide layer (about 5 µm) than that observed after 100h of exposure (Figure 37, region 

A) where Ni is the major element instead of Cr, Table 16, pointing to a possible chromia 

depletion or chromia scale spallation. In region B, between the oxide and substrate, it seems 

that internal oxidation has progressed beneath the specimen’s surface. Region B is rich in 

Ni and Fe.  Laves phases are also present in this specimen surrounding thin δ needles 

further into the substrate (region C).  
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Figure 37. Oxide layers on AM Inconel 718 after a 200h at 800°C 

 

Table 16. Composition of AM Inconel 718 after 200h at 800°C 

 Atomic % Weight % 

Element A B C A B C 

O K 10.01 12.02  3.06 3.70  

Al K 1.46 1.52  0.75 0.79  

Ti K   1.24   0.92 

Cr K 15.26 12.50 17.71 15.16 12.53 14.35 

Fe K 20.96 20.77 16.91 22.36 22.35 14.72 

Ni K 52.30 52.49 42.91 58.66 59.37 39.26 

Nb K  0.70 21.23  1.25 30.75 

 

The baseline wrought specimen continues to a compact but uneven Cr2O3 layer (Figure 38, 

region A) with peaks and valleys. It contains a greater Cr content than that formed on the 

AM specimen after 100h and 200h. Region B is a thinner layer composed of Nb and Ni 

rich compound/oxide (Table 17); this Nb rich layer may have contributed to the impeded 

Cr depletion observed on the baseline wrought specimens that were oxidized under the 

same conditions as AM specimens. Given that regions B and C have similar Nb content, 

indicating the formation of Ni3Nb.  
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Figure 38. Oxide layers on the baseline wrought Inconel 718 oxide layers after 200h at 

800°C 

Table 17. Composition of baseline wrought Inconel 718 after 200h at 800°C 

 Atomic % Weight % 

Element A B C A B C 

O K 61.02 39.81  31.55 14.57  

Al K 0.92 1.73  0.80 1.07  

Ti K 1.53 0.58 0.97 2.37 0.63 0.77 

Cr K 24.01 7.41 13.00 40.35 8.81 11.20 

Fe K 2.73 4.87 15.13 4.93 6.22 14.00 

Ni K 8.51 36.03 61.99 16.14 48.36 60.31 

Nb K 1.28 9.58 8.91 3.85 20.34 13.72 

 

4.3.5 Cross-section of Inconel 718 after 400h of exposure 

After 400 hours exposure at 800°C,  both AM and baseline wrought Inconel 718 specimens 

(Figures 39 and 40) contain a clear Cr2O3 layer as their outer oxide layer (region A in both 

specimens). A Ni and Nb-rich thin sublayer in region B is considered to be Ni3Nb based 

on the elemental composition shown in Table 18 and Table 19. This reoccurrence of Cr-

rich oxide layer on AM Inconel 718 specimens may be attributed to Ni-rich oxide scale 
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spallation and the re-formation of Cr-rich oxide layers afterwards. Region C in both 

specimens are Ni rich with low Cr concentrations.  

  

Figure 39. Oxide layers on AM Inconel 718 after 400h at 800°C 

 

Table 18. Composition of AM Inconel 718 after 400h at 800°C 
 Atomic % Weight % 

Element A B C A B C 

O K 71.01 60.97 42.29 43.35 29.59 17.17 

Al K 1.15 1.68 3.85 1.19 1.37 2.64 

Ti K 0.76 0.73 3.46 1.38 1.06 4.21 

Cr K 25.46 10.16 11.03 50.52 16.03 14.56 

Fe K 0.57 2.76 7.85 1.21 4.68 11.13 

Ni K 1.05 18.80 27.68 2.35 33.47 41.24 

Nb K  4.90 3.84  13.80 9.05 

 

 

Figure 40. Oxide layers on the baseline wrought Inconel 718 after  

400h at 800°C  
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Table 19. Composition of baseline wrought Inconel 718 after 400h at 800°C  

 Atomic % Weight % 

Element A B C A B C 

O K 68.01 9.91 40.22 38.40 2.72 17.79 

Al K 0.44 2.70 18.61 4.77 1.25 13.88 

Ti K 0.63 1.28 0.44 0.84 1.05 0.58 

Cr K 29.93 7.97 7.49 25.01 7.11 10.76 

Fe K 0.42 9.37 8.66 5.86 8.97 13.37 

Ni K 0.58 52.18 20.64 12.53 52.50 33.49 

Nb K  16.58 3.94 12.59 26.40 10.11 

 

Finally, to complement the cross-sectional analysis of the specimens oxidized at 400h, 

several elements were mapped with the resulting images shown in Figure 41. As shown in 

these maps, Cr and O are seen atop of the surface, representing the protective chromia 

layer. It is important to note that the Cr-oxide layer is much thinner for AM specimen, 

about 3-4 times thinner than that on the baseline wrought specimen.  The Nb/Mo 

enrichment below Cr-oxide layer is more evident for the wrought alloy. Based on both 

SEM/EDS and X-Ray mappings, it is likely that baseline wrought Inconel 718 has a better 

oxidation resistance due to the formation of a thin Nb/Mo layer below the Cr-rich oxide 

and also thicker Chromia formation.  
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Figure 41. X-ray mapping of (a) AM and (b)  

Baseline wrought Inconel 718 after 400h at 800°C  
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4.4 Surface oxide formation and oxidation behavior at 

900°C  

The isothermal oxidation behavior of additive manufactured (AM) Inconel 718 and 

conventional baseline wrought Inconel 718 at 900°C is presented in this section.  

4.4.1 Surface oxides 

At 900°C, the expectation was for chromia oxide layers to form on the surface given that 

Inconel 718 is enriched in Cr. The formation of these chromia oxides was confirmed on 

both AM and baseline wrought Inconel 718 at 900°C and can be seen in Figure 42.  

The oxide scale was found to be relatively compact and adhered to the surface of the AM 

specimen. As time progressed the fine surface oxide started to agglomerate from 50 to 200 

hours (Figure 42).  While we cannot quantify the thickness of chromia oxide layer, it is 

assumed that the oxide layer grew over time. The baseline wrought Inconel 718 does not 

show such a clear agglomeration, but the growth of the thickness of chromia layer with 

time can also be assumed (Table 20). Similar results were attained by Sanviemvongsak et 

al. [55] for the same material oxidized at 850°C in air for 1000hrs where they concluded 

that the chromia oxide layer formed was homogenous, adherent to the surface.   
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Figure 42. Surface oxide topography of AM and baseline wrought specimens Inconel 718 

oxidized at 900°C for different times ranges. 
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Table 20. EDS composition of surface oxide at 900°C 

Weight % 

Specimen O Al Ti Cr Mn Fe Ni Nb 

a 32.52   2.48 58.69 3.69 0.83 1.30 0.49 

b 34.47   2.50 57.34   1.43 2.34 1.92 

c 31.04   1.47 59.53 3.43 1.29 2.29 0.96 

d 32.21 0.27 1.62 56.12   2.74 2.84 4.19 

e 35.60   1.43 52.84 7.94 0.69 1.02 0.48 

f 29.94   5.64 59.50   1.19 2.92 0.82 

  

Atomic % 

Specimen O Al Ti Cr Mn Fe Ni Nb 

a 61.18   1.56 33.97 2.02 0.45 0.67 0.16 

b 63.45   1.54 32.48   0.75 1.17 0.61 

c 59.69   0.95 35.22 1.92 0.71 1.20 0.32 

d 61.40 0.30 1.03 32.92   1.49 1.48 1.38 

e 64.48   0.87 29.45 4.19 0.36 0.50 0.15 

f 58.24   3.66 35.61   0.66 1.55 0.28 

 

4.3.2 Base metal microstructure changes after 900°C oxidation test 

The substrate microstructure changes were viewed on the cross-sections of specimens after 

oxidation, further from the surface. Figure 43 highlights the microstructural changes of 

both AM and baseline wrought Inconel 718 after being oxidized at 900°C. The same three 

mains phases, γ”, δ and Laves phase, are identified for both AM and baseline wrought 

Inconel 718 after oxidation at this temperature; however, some differences were identified 

by comparing the microstructure changes and the elemental compositions of interested 

phases as shown in Tables 21 andTable 22.    

The first phase of interest (point 1 in Figure 43) is the base metal, which is the FCC Ni-

rich matrix with small spherical γ” precipitates. This matrix morphology is similar in both 

baseline wrought and AM specimens regardless of temperature due to comparable 

compositions.  
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The second phase is Laves phase. Laves phase is an intermetallic phase that is formed when 

the Nb (+Mo) concentration exceeds 12 wt.% [18]. The Laves phase is identified as point 

2 in Figure 43 for both specimens. In the AM specimen, it was found in the vicinity of delta 

phases (point 4) and in the baseline wrought specimen it was only found as elongated and 

circular phases after a 200h (Figure 43.h).  This is an important observation since Laves 

phase is considered a deleterious phase, reducing both material’s ductility and fracture 

toughness. As the baseline wrought material is observed here to be more resistant to brittle 

phase formation during high temperature exposure, it is reasonable to assume that the AM 

material will require further microstructure modification in order to reduce the occurrence 

of Laves phase.  
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Figure 43.Microstructure of AM and baseline wrought Inconel 718 specimens oxidized at 

900°C for different times ranges. 
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Thirdly, δ-Ni3Nb continues to be present in both AM and baseline wrought Inconel 718 

(needle shape as shown in point 4 in Figure 43).  δ phase in Inconel 718 is useful for 

controlling grain size, particular if it precipitates along the grain boundaries [74]. Based on 

these images, there is not delta phase in the AM material under the as-printed condition; 

after the oxidation at 900°C, the amount of delta phase appears to be inversely proportional 

to time for the AM specimen (at 800°C there did not appear to be a correlation). For the 

baseline wrought specimens, delta phase is present under all conditions, however, there is 

an evidence of the plate size/thickness increase as the increase of duration. As discussed 

previously, delta phase generally precipitates on grain boundaries by nucleation and is 

followed by the growth of thin plates (needles); this is especially evident in the baseline 

wrought specimen. Although EDS results are only semi-quantitative and not accurate for 

small particles, it is possible the phases within the baseline wrought specimen, labelled as 

2, are in fact coalesced delta phase. In addition, there is an abundance of delta phase found 

with the grains for both AM (oxidized) and baseline wrought specimens (all conditions). 

With increased temperature or exposure time, it is believed that these precipitates will start 

to dissolve into the matrix. This was confirmed by Tucho et al. [75] who used different 

temperatures and hold times to investigate the dissolution of Inconel 718 precipitates; they 

concluded that annealing at 1250°C resulted in the complete dissolution of precipitates 

located within and along the sub-grain boundaries. 
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Table 21. Composition analysis for AM Inconel 718 specimens held at 900°C 

Weight % 

Points Al Ti Cr Fe Ni Nb 

1. Matrix 0.70 0.86 20.74 21.45 54.22 2.02 

2. Laves   2.28 10.85 10.84 50.89 25.14 

3. Ni-rich precipitate   1.51 15.53 14.53 50.84 17.59 

4. δ-Ni3Nb   1.15 17.59 17.89 56.58 6.78 

  

Atomic % 

Points Al Ti Cr Fe Ni Nb 

1. Matrix 1.47 1.01 22.51 21.67 52.11 1.23 

2. Laves   3.00 13.14 12.23 54.59 17.04 

3. Ni-rich precipitate   1.91 18.15 15.81 52.63 11.51 

4. δ-Ni3Nb   1.40 19.68 18.63 56.05 4.24 

 

Table 22. Composition analysis for baseline wrought Inconel 718 specimens held at 900°C 

Weight % 

Points Al Ti Cr Fe Ni Nb 

1. Matrix 1.04 0.83 20.97 20.16 55.07 1.93 

2. Laves   2.79 4.20 4.47 61.25 27.31 

3. Ni-rich precipitate   1.97 8.34 7.73 60.61 21.35 

4. δ-Ni3Nb 0.75 0.97 19.61 18.02 55.52 5.15 

  

Atomic % 

Points Al Ti Cr Fe Ni Nb 

1. Matrix 2.16 0.98 22.67 20.30 52.73 1.17 

2. Laves   3.74 5.19 5.14 67.05 18.89 

3. Ni-rich precipitate   2.56 10.01 8.64 64.44 14.35 

4. δ-Ni3Nb 1.59 1.15 21.57 18.45 54.08 3.17 

 

4.4.3 50h of exposure at 900°C 

After 50 hours of exposure, the microstructure of the AM specimen and its composition 

are seen in Figure 44 and Table 23. The AM specimen formed a thin, oxide layer on its 

surface (region A), with thickness of about 2 µm. EDS analysis yielded a composition that 

is near an atomic proportion of 2:3 for Cr:O; this layer is therefore identified as Cr2O3. This 
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chromia oxide layer A situates above a fine sublayer that is rich in Nb (region B), 

comparing to other layers. It is not clear if the layer B is oxide (Nb2O5) or intermetallic 

compound (Ni3Nb) as EDS tends to gather information (particularly oxygen from layer A) 

from the surrounding area. There is also an occasional presence of NiO rich pegs (region 

C).  

 

Figure 44. Oxide layers on AM Inconel 718 after 50h at 900°C 

 

Table 23. Composition of AM Inconel 718 after 50h at 900°C 

 Atomic % Weight % 

Element A B C A B C 

O K 69.23 34.18 29.85 41.03 11.64 10.43 

Al K 0.53 1.41 5.67 0.53 0.81 3.34 

Ti K 0.51 1.26 3.97 0.90 1.29 4.15 

Cr K 28.48 7.32 8.46 54.85 8.11 9.60 

Fe K 0.28 4.10 7.41 0.59 4.88 9.04 

Ni K 0.97 39.90 36.29 2.11 49.89 46.52 

Nb K  11.82 8.34  23.38 16.92 

 

The baseline wrought Inconel 718 specimen presents a thicker chromia layer (region A in 

Figure 45 and compositions shown in Table 24) compared to the AM specimen. This layer 
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measures about 5 µm. Below this layer, there is also a Nb rich layer (B) but less regular 

than that seen on the AM specimens.  There are very little Ni-rich precipitates (regions C) 

as compared to the AM specimen. These phases (B and C) are bigger in size than that seen 

in AM specimens.  

 

Figure 45. Oxide layers on the baseline wrought Inconel 718 after 50h at 900°C 

 

Table 24. Composition of baseline wrought Inconel 718 after 50h at 900°C 

 Atomic % Weight % 

Element A B C A B C 

O K 58.26 12.24 29.79 29.90 3.38 10.93 

Al K 1.09  4.98 0.94  3.08 

Ti K 2.67 0.58 2.34 4.11 0.48 2.57 

Cr K 33.06 5.07 18.57 55.14 4.55 22.15 

Fe K 1.94 7.38 11.36 3.47 7.11 14.55 

Ni K 2.23 59.83 30.03 4.21 60.60 40.45 

Nb K 0.75 14.90 2.94 2.23 23.89 6.26 
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4.4.4 100h of exposure at 900°C 

The AM Inconel 718 exposed for 100h formed a continuous and thin chromia oxide scale 

as shown in Figure 46. This oxide layer is thickened that formed after 50h and measures to 

about 4 µm (compared region A in Figure 46 vs region A in Figure 44). Again, it is of 

Cr2O3 in nature (see Table 25 for its composition). Region B, just below the Cr2O3, is an 

inner layer composed of likely intermetallic phase composed of Ni and Nb (Ni3Nb 

sublayer) (Table 25). Furthermore, Ni/Fe-rich pegs (region C) formed further into the 

substrate, suggesting extended internal oxidation taking place (region C). 

The EDS results of region B are in good agreement with that reported by Delaunay [76] 

and Pang et al. [77] who have also shown that at different exposure temperature, 700°C 

and 900°C , respectively, there is a segregation of Nb towards surface and a Ni3Nb-rich 

layer is formed. This layer could have played an important role in enhancing the oxidation 

resistance of Inconel 718 by acting as an intermetallic diffusion barrier [78].  

  

Figure 46. Oxide layers on AM Inconel 718 after 100h at 900°C 
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Table 25. Composition of AM Inconel 718 after 100h at 900°C 

 Atomic % Weight % 

Element A B C A B C 

O K 63.42 9.90  33.82 2.84  

Al K 1.17 1.53  1.05 0.74  

Ti K 2.48 0.65 1.15 3.95 0.56 1.15 

Cr K 25.55 7.15 11.81 44.28 6.68 11.81 

Fe K 1.75 15.58 24.43 3.25 15.63 24.43 

Ni K 3.36 57.32 60.83 6.58 60.43 60.83 

Nb K 2.28 7.87 1.78 7.06 13.13 1.78 

 

For the baseline wrought Inconel 718, the outer chromia oxide layer (region A in Figure 

47) did not appear to grow in thickness; suggesting stabilized oxidation behaviours due 

possibly to the protective nature of previously formed Cr2O3 (compositions shown in Table 

26). Below this oxide layer, there is again a Nb rich layer, similar to that found on the AM 

Inconel 718 specimens oxidized under the same condition. This presumed Ni3Nb layer is 

now more continuous than that formed on specimens oxidized at 50h. It is however, 

surrounded fewer small Ni-rich precipitates (region C) and there is no obvious sign of 

internal oxidation as that seen on AM specimens oxidized under the same condition.  

  

Figure 47. Oxide layers on the baseline wrought Inconel 718 after 100h at 900°C 
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Table 26. Composition of baseline wrought Inconel 718 after 100h at 900°C 

 Atomic % Weight % 

Element A B C A B C 

O K 62.62 26.63 35.30 33.90 8.29 13.82 

Al K 0.86  2.25 0.78  1.48 

Ti K 2.64 2.32 13.56 4.28 2.16 15.89 

Cr K 31.26 6.27 8.86 55.00 6.34 11.27 

Fe K 0.53 3.72 12.03 1.01 4.04 16.43 

Ni K 1.33 46.88 26.97 2.65 53.54 38.74 

Nb K 0.76 14.18 1.04 2.38 25.63 2.37 

 

4.4.5 200h exposure at 900°C 

The chromia oxide layer formed on AM Inconel 718 after 200h of exposure has become 

uneven now (thickness ranges from 3 to 7 µm) and shows early indications of spallation 

(refer to region A in Figure 48). The early signs of spallation point to the onset of 

deterioration of the chromia oxide layer and a decline in mass would be expected with 

spallation after extended exposure. Pores are also observed in the substrate near the surface 

oxide. Porosity and voids have been shown to reduce ductility and increase stress ruptures 

in additive manufactured components [79]. The Nb containing layer is slightly thickened 

and but becomes more uneven (region B). Lastly, after 200h of exposure, it is believed that 

region C perhaps is composed of spinel (Cr,Al)(Ni)2O4 based on the presence of Ni, Cr, 

Al, and O (Table 27). 
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Figure 48. Oxide layers on AM Inconel 718 after 200h at 900°C 

 

Table 27. Composition of AM Inconel 718 after 200h at 900°C 

 Atomic % Weight % 

Element A B C A B C 

O K 62.64 12.62 45.39 34.13 3.43 18.06 

Al K 0.56  2.10 0.52  1.41 

Ti K 1.19 4.96 4.66 1.93 4.03 5.55 

Cr K 33.79 4.53 15.41 59.84 4.00 19.93 

Fe K 0.73 3.03 2.98 1.38 2.87 4.14 

Ni K 1.10 55.81 20.16 2.20 55.63 29.44 

Nb K  19.05 9.29  30.04 21.47 

 

As for the baseline wrought Inconel 718 specimens, as shown in Figure 49, the outer 

chromia oxide layer seems to become somewhat uneven with peaks (10 µm) and valleys 

(6 µm) and porous. Located directly below the Cr2O3 layer, the Ni3Nb sublayer (region B) 

continues to be present, although still uneven.  Very few small Ni-rich precipitates are still 

present, in the vicinity of Nb-rich layer (region C did not seem to be spinel in nature, rather 

remains to be NiO as suggested by the elemental analysis results in Table 28).  
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Figure 49. Oxide layers on the baseline wrought Inconel 718 after 200h at 900°C 

 

Table 28. Composition of baseline wrought Inconel 718 after 200h at 900°C 
 Atomic % Weight % 

Element A B C A B C 

O K 63.62 14.84 15.96 34.80 4.06 4.55 

Al K   1.16   0.56 

Ti K 0.57 1.46 0.87 0.93 1.20 0.74 

Cr K 32.16 2.78 5.07 57.18 2.47 4.70 

Fe K 2.41 3.46 7.57 4.61 3.30 7.54 

Ni K 1.24 58.20 54.12 2.49 58.40 56.65 

Nb K  19.26 15.24  30.57 25.25 

 

Lastly, elemental mappings of the (a) AM and (b) baseline wrought Inconel 718 cross-

sections were carried out and are presented in Figure 50 50. At 900°C, Inconel 718 formed 

primarily two layers, consisting of Cr2O3 for the outer layer, and an inner layer comprised 

of Ni3Nb. Furthermore, it is apparent that the Cr-rich oxide layer is much thicker on the 

baseline wrought specimens while the distribution Nb (and Mo) in the sublayer is more 

continuous in the AM specimens.  There are also obvious Al and Ti redistribution as a 

result of oxidation, mostly migrating towards outer surface.    
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Figure 50. X-ray mapping of (a) AM and (b)  

Baseline wrought Inconel 718 after 200h at 900°C 
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In comparison to the 800°C specimens, the AM specimen presents more superficial Al-

rich precipitates at 900°C. In the baseline wrought specimen, the Ti and Al rich regions are 

deeper into the matrix.  
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Chapter 5: Concluding Remarks 

In this research, a plasma arc based additive manufacturing technique was used to produce 

large specimens for oxidation performance assessment. More specifically for this thesis, 

the focus was on comparing the oxidation behaviour of between the additively 

manufactured and baseline wrought Inconel 718 at two temperatures. Although based on 

the weight changes, the two alloys are on par in terms of weight gain, however, due to the 

difference in microstructure, several characteristics are different for the two alloys, namely 

the thickness of the oxide, the internal oxidation and also the changes in substrate 

microstructure as a function of temperature and exposure duration. Until the effect of 

process parameters on the microstructure (grain size, elemental segregation and secondary 

phases) is further understood, at this stage, it can only be concluded that the AM material 

produced has slightly inferior oxidation performance. This conclusion is based on the 

findings that a thicker and more stable chromia oxide layer, in addition to less internal 

oxidation, was found on the baseline wrought Inconel 718. A longer exposure time may 

perhaps yield equivalent oxidation resistance among the baseline wrought and the AM 

specimens as the onset of oxide spallation was observed after 200 hours at 900°C. A 

number of specific observations were also made during this study and are detailed as 

follows.  

5.1 Effect of oxidation temperature 

Formation of outer layer of chromia oxide are consistently found in both additively 

manufactured and baseline wrought Inconel 718. All specimens possess such protective 

layer above the matrix regardless of temperature or duration. It can be concluded, however, 
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that higher temperature yields thicker Cr2O3 layer, but their compactness and uniformity 

vary depending on the specimen type and heat treatment time. Also observed in this 

research is that, at both 800°C and 900°C, the AM specimen had a thinner chromia layer, 

and the baseline wrought specimen showed a uniform but thicker chromia layer until after 

200 hours.  

One other noticeable difference is that at the 800°C lower temperature, the Nb rich layer 

below the chromia is observed on baseline wrought specimens but not on AM specimens. 

At 900°C, both types of specimens have clear Nb-rich layer below the chromia. The Ni3Nb 

sublayer is believed to have contributed to the consist oxide layer formed on the baseline 

wrought specimens. And the thickness of this Nb-rich sublayer increased with temperature 

and time.  Additional research at lower and higher temperatures should be carried out to 

further study the correlation between oxidation resistance and the characteristics of the Nb-

rich sublayer.  

The increase in temperature from 800°C to 900°C also had an effect on the Ni-rich oxides 

formed in both specimens. At 900°C, this type of Ni-rich oxides is larger in size and could 

be found further extended into the matrix, particularly on the AM specimens. Given the 

fact that grain boundaries are not readily exhibited on the AM specimen (potentially a result 

of finer grain size from AM process), the relationship between the grain boundary and the 

Ni-rich oxide were not definable from this study.    

5.2 Effect of exposure time 

It is evident from this research that the formation of chromia oxide on both types of the 

specimens increases with time regardless of temperature. Based on the weight change and 



83 

 

the cross-sectional microstructure, the oxidation process appears to follow a parabolic rate 

of change. The chromia oxide layer formed increases initially in the early stage before 

becoming irregularly when spallation of the layer begins. In particular, the AM specimen 

showed signs of spallation after 200h at 900°C and the baseline wrought specimen after 

400h at 800°C.  

The protective Ni3Nb sublayer is also independent on temperature, specially on the AM 

specimens in that there is hardly any Nb-rich sublayer formation after 100 h at 800°C. 

Irrespective of the temperature, both specimens exhibited increasing thickness of Nb-rich 

sublayers as time progressed.  

The Ni-rich oxide tend to extend further into the substrate more with increased exposure 

time, primarily for the AM specimens, further suggesting the likelihood of internal 

oxidation on the AM Inconel 718 as exposure time increases.  

5.3 Future Work  

Based on the research obtained in this study, it is envisioned that further study will be 

required to study the additive manufacturing process parameters and post AM heat 

treatments in an effort to optimize the microstructure. Process parameter settings such as 

arc gap, material feed rate, laser power, travel speed, etc. could all impact material’s 

microstructure hence properties.  

Additional specimens should be exposed to the same temperature but for much longer times 

to understand the consumption and final depletion of Cr in this alloy. A final comparison 

of the two alloys can then be made when long-term oxidation tests are made available; the 

additional tests would provide a more adequate representation of a typical component’s life 
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in a gas turbine. Tensile and fatigue tests are currently ongoing for the alloy used in this 

study and will be reported in the future.  

With the availability of other AM techniques, a different AM technique can be used to 

produce similar specimens for comparability studies. Furthermore, homogenization heat 

treatment, in particular, should be examined thoroughly in an effort to optimize 

microstructure for both oxidation resistance and tensile properties.  
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