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ABSTRACT 

Estimation  of  Residual Stresses and Corrosion Behavior in Machining of 

Nickel-Base Superalloy 

by 

Khalaf Nasiralla Khalaf 

Supervised by                                                                Supervised by 

Prof. Dr. Adel K. Mahmoud                           Asst. Prof.Dr. Suha K. Shihab 

 

         Inconel 718, a representative nickel base  superalloy, is widely used 

plants, petrochemical industries and Chemical due to its high temperature 

endurance properties and excellent  corrosion resistance. However, the 

turning  of Inconel 718 produces more generations heat in the cutting zone 

than that of greatest other materials and alloys  which makes this material 

pruned  to surface defects. The aim of this study is to evaluate  the effect of 

different turning parameters i.e. cutting speed (v),feed rate (f) and depth of 

cut(d) on the responses i.e. surface integrity including surface 

roughness(Ra), microhardness(HV) ,residual stresses and corrosion 

behavior for nickel base superalloy (Inconel 718) during dry turning using 

coated carbide tools. Experiments was designed using design of experiment 

(DOE) Taguchi method  and experimental runs are conducted for various 

combinations of turning parameters to find the optimum machining 

parameters that achieves better surface quality with minimum corrosion 

rate. Analysis of variance (ANOVA), correlation and regression techniques 

are employed to determine the significance turning parameters. In addition, 

a numerical model using 3D finite element method (FEM) is  performed by 

ABAQUS software to examine the machined surface temperature 



II 
 

distribution and residual stresses induced by turning  and the results of the 

models are validated by comparison them with experimental results. The 

comparison showed   a good agreement more than (90%) between the 3D 

FEM modeling of the oblique machining and experimental results. 

Moreover, the results showed that the feed rate has the most 

significant(66%) effect on the surface roughness and the best surface 

quality is achieved using the highest cutting speed and lowest feed rate and 

depth of cut. The cutting speed has the most significant(56%),(63%)and 

(50%)  respectively  effect on the residual stresses(Rs), microhardness(Hv) 

and machined surface temperature .  Also, it was  found that the 

temperature generation during high-speed turning of is found to play a 

major role in residual stress magnitude. The surface roughness and 

compressive residual stresses are very important factors which play major 

effect on the corrosion behavior of Inconel 718. In this way, the feed rate is 

showed the most significant(72%) factors for minimizing the corrosion rate 

in Inconel 718 alloy .The results obtained by this research will be fruitful 

for various industries and researchers who are  working in this field.  

 

 

Keywords: - Machining; Inconel 718; Residual stresses; Corrosion 

Behaviour; 3D- FEM; Taguchi design.     
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1.1 General 

This chapter is focused on overall information about superalloy and 

specially on Nickel-base superalloys, their properties, their chemical 

composition and classification of superalloys.  In addition, importance of 

Inconel 718 and its industrial application, machining of Inconel 718 and 

difficulty of machining superalloy has been clarified. Then, residual 

stresses definition, types of residual stresses, and their advantage and 

disadvantage, the common techniques used for measuring of residual 

stresses were   explained. Finally, corrosion type and corrosion behavior of 

superalloys were indicated in this chapter. 

 

1.2  Superalloys  

Recently, developments in the automotive and aerospace 

manufacturing led to high need of high performance alloys (superalloys) 

because of their beneficial mechanical and physical attributes like high-

yield strength , exceptional fatigue endurance, low-thermal conductivity, 

and decent corrosion persistence in difficult circumstances, mainly in 

developing pieces for gas turbines and jet engines [1]. Nickel (Ni) is 

widely-utilized in various industries even when it is confirmed, it has some 

toxic features. Superalloys could be nickel-based alloys, iron-nickel-based 

alloys or cobalt-based alloys which are utilized when the temperature is 

over 540 Celsius [2,4]. Table 1.1 shows the Contents of main elements in 

superalloys. The 1st created generation of superalloys has been intended for 

temperature up to 700 Celsius, whereas the 4th created generation of 

superalloys have been made and utilized as a single crystal material, also 

they have been alloyed through unique elements, like the ruthenium (Ru) 

and it could be utilized at temperature up to 1100 Celsius [2,4]. 
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Table 1.1 Contents of main elements in superalloys [2] 

 

-based superalloys for aerospace uses has been 

initiated. New high-performance alloys has been developed due to the 

necessity for additional creep-resistant materials than the existing austenitic 

stainless steel. The exceptional strength retention which is up to 0.7 (Tm) 

melting point and the high-phase stability of face centered cubic (FCC) 

nickel matrix are both considered the main features of Ni as an alloy-base. 

Various applications which are put through high temperatures uses Ni-

based superalloys because of the above-mentioned features [1]. Examples 

of the commercially obtainable Ni-based Superalloys are Pyromet, Udimet, 

Rene, Nimonic and Inconel. Alloy 718 is a face-centered cubic (FCC) 

nickel-based superalloy and initially referred to as Inconel 718 due to the 

trademark. The most commonly utilized Ni-based superalloy is the Inconel 

718.[5]. The mechanical properties regarding common Ni alloys are shown 

in the Table1.2. 
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Table 1.2 Properties of Nickel alloys at room temperature[2] 

 

New high-performance systems including the gas turbines, high-efficiency 

internal combustion engines and the jet engines have requirements that 

exceed the mechanical or thermal capabilities of most conventional 

materials. Nickel-based superalloys are commonly used in these hostile 

environments, due to their high resistance to oxidation, corrosion  and good 

thermal fatigue-resistance properties at high temperature. However, their 

unique physical properties result in low machinability, Subsurface damage, 

which always detrimental to product performance, is becoming a more 

significant machining characteristic as higher performance is demanded 

from these high end materials and products [6].  



Chapter One                                                                    Introduction    

5 
 

When producing parts of aircrafts and gas turbines, the needed features in 

also the features below the surface like residual stresses. Subsurface 

damage is typically generated during the machining of these materials [7]. 

Therefore, it is very important to study the induced residual stresses during 

machining of nickel-based superalloys. 

 1.2.1 Classification of Superalloys  

Superalloys might be classified to 3 types according their main element, the 

types are presented in Table 1.3:  

Table 1.3 Common three types of superalloys. [1] 

 

1.  Iron-based superalloys (Fe-Ni): 

Irons based superalloys are considered as an advance that made from the 

austenitic stainless steels, also they depend on the process of combining (in 

most of the situations) precipitate forming elements and solid solution 

hardening with closed packed (FCC) matrix. Iron and nickel are the base 

which austenitic matrix depends on, the (FCC) stage needs at least 25 % of 

Ni to be stabilized. Nickel or cobalt based superalloys cost more than iron 

based superalloys [2,3]. 
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2.  Cobalt-based superalloys (Co): 

Ni based superalloys are considered to have more strength than the Co 

based superalloys, yet, the strength of the later become evident when 

exposed to high temperatures. Their strength are mainly originated from the 

distribution regarding refractory metal carbides (combining metal and 

carbon, for example W and Mo). At high temperatures, materials become 

obviously limited, thus the components in combustion chamber, when the 

temperature could be 1100 Celsius, are typically created of Co based alloys 

[2,3]. 

3. Nickel-based superalloys (Ni): 

The most widely used superalloys are the Ni based ones, as they are 

considered the most complex and the most utilized for various metallurgists 

and for the hottest parts. Currently, fifty percent of the engines of highly 

advanced aircrafts are made of Nickel based superalloys. The main features 

of Ni as a base for alloys are the ability to be strengthened via various 

indirect and direct processes, also the high-phase stability regarding the 

(FCC) Nickel matrix. Furthermore, when alloying via aluminum and/or 

chromium, the Ni surface stability is easily enhanced. As a result, the cost 

of some latest superalloys might be five times more than turbine steels of 

high quality. Nickel based superalloys could be applied for higher fractions 

of melting temperatures, thus they are needed more than the Fe-Ni based 

melting temperature [2,3]. 

1.2.2 Applications of Inconel718 

The recently studied Inconel718 Ni based superalloy that is considered the 

latest form of Inconel 718 is  continuing to become a material that defense 

and aerospace defense manufacturing cannot swap for other materials 

because of the features it has such as low-costs, uncomplicated 
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machinability and the useful mechanical features. Ni based superalloys are 

commonly utilized in load bearing structures to the maximum melting  

temperature 0.7Tm, or ninety percent of their melting point. Inconel 718 

superalloys has various significant applications such as (i) Petrochemical 

and chemical industry, heat exchangers and nuclear power plants (ii) 

Equipment for heat treatment (furnace mufflers, fans, baskets, fixtures, 

trays and conveyor belts) (iii) Reciprocating engines (valve seat inserts, hot 

plugs, turbo chargers and exhaust valves)  (iv) Processing metals (parts of 

rocket engine, space vehicles aerodynamically heated skin and hot work 

tools and dies) (v) gas turbines of aircrafts (stack gas re heaters, burner 

cans, vanes, exhaust systems, combustion chambers, shafts and disks [3,5]. 

Fig. 1.1 shows some of their application of nickel base super alloy.  

                                              

                    Fig. 1.1  Some applications of nickel base superalloy. 

 1.3  Machining of Inconel 718 

For the purpose of turning the performed metal blocks to the required shape 

with dimensional accuracy and surface quality, machining is applied as it is 

one of the highly important methods in the industry. The operation of 

shaping is performed in the form of metal chips. The machining procedure 

involves taking away the material from workpiece through a process of 
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shear deformation by using sharp tool for cutting as well as a motion of 

workpiece [8]. In the majority of machining procedures, this motion is 

considered as the primary motion that is referred to as the cutting speed, in 

this particular case of turning, it might be defined as the velocity of the 

rotating workpiece. The secondary motion that is referred to as the feed 

rate, that for turning, it might be defined as the axial distance that the tool 

advances in single workpiece revolution [9] 

Turning can be defined as a very important machining process with various 

applications in the industry. Turning was utilized for reducing the diameter 

via utilizing single point cutting tool that take away the material from 

surface of the rotating cylindrical workpiece. There are two types of metal 

turning procedure: the first one is oblique cutting in which the cutting edge 

makes an inclination angle that is relative to the directions of cutting, 

whereas the second type is the orthogonal cutting in which the cutting edge 

Orthogonal cutting is rarely not existing in industry; however it is 

frequently used in studies as a type of explanation related to the procedure 

of cutting. Fig. 1.2  shows two types of turning process [10]. 

 

                (a)Orthogonal cutting                             (b) Oblique cutting 

Fig. 1.2  Types of cutting [10] 
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Superalloys are usually considered to have weak machinability. They are 

hard to machine because of their top-quality high temperature strength 

features. The main features that cause the weak machinability of alloys are 

as follows: 

1. High-strength of Ni based superalloys at cutting temperatures causes 

elevated cutting forces that will generate extra heat at the tool tip 

compared to the machining of alloy steels. 

 2. The heat that is produced throughout the machining is transferred to 

the tool due to the low-thermal conductivity of these alloys, 

subsequently increasing tool tip temperatures and causing excessive 

tool wear, which can limit cutting speed and reduce the tool life  

3. Severe abrasive wear will take place at the tool tip because of the 

existence of abrasive, hard intermetallic compounds and carbides  

4. The high-capacity for work hardening in Ni based alloys lead to depth 

of cut notching on the tool that causes burr formation on the 

workpiece  

5. Chip control geometry is required as the produced chip throughout 

machining is continuous and tough. 

Inconel 718 alloy is utilized for parts of high speed airframes and jet engines 

like (high temperature fasteners and bolts, ring shafts, blades, discs and 

impellers). Various machining approaches for converting the final engineering 

product are included in the machinability of these parts as it is  shown in Fig.  

1. 3  for blades, casings and discs [12,13].  
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Fig. 1.3 Machining methods for conversion of final engineering products 

1.4  Surface Integrity  

Surface integrity, including residual stress, micro-hardness and surface 

roughness are major parameters of the machined part. The surface 

integrity of the final product is straightly related to the machining 

parameters. Surface integrity can be defined as a method for measuring 

the excellence of the machined surface which defines the actual structure 

of the sub-surface and surface of the workpiece. Serious drawbacks are 

formed via stress corrosion cracking, creep and fatigue starting at the 

. Superior excellent integrity regarding the 

machined surface helps achieving resistance to failure and high-

reliability of components in different engineering applications. 

According to the surface integrity regarding the machined surface, the 

 

[14,15]. 

1.4.1  Residual Stresses: 

Residual stress can be defined as the secondary stress which remains after 

removing all loads. Depending on its type, the effect  of the residual 

stresses might be useful or damaging to some parts. Typically, the 
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compressive residual stress have the ability to enhance the quality of 

machined parts, whereas the tensile residual stress could lead to damage to 

components. Mostly, all machined components have compressive or tensile 

residual stress, also both of them might be detected in turning components 

[16-18].  

Residual stresses have a major effect on the operation of machined parts. 

Components distortion, fatigue effect and corrosion resistance are the 

characteristics of parts which are impacted via the residual stress. The 

residual stress could weaken or improve the functional performance of 

machined parts. As a result, recognizing the residual stress specified via the 

machining procedure is considered highly important for grasping the ideal 

of machining as well as the general quality of parts [11,19].  

is a topic of study. Study attempts involved experimental outcomes, finite 

element modeling, systematic modeling, in addition to different 

combinations of these attempts. Even with the fact that this has been 

studied effectively, yet, chances for progressing predictive residual stress 

approaches still exists. The modeling methods have been beneficial to a 

variety of machining operations such as turning, milling and orthogonal 

cutting [11]. It is important to keep in mind that residual stresses are not 

directly measurable; instead the stress determination require a measurement 

of intrinsic properties, like displacement, elastic strain as well as few 

secondary quantities, like the sound speed, or magnetic signature which 

could be associated to the stress [18-20]  

Residual stress measurement methods could be classified as destructive, 

semi-destructive and nondestructive methods [18,21].  

Fig. 1.4  shows the techniques of measurement for residual stresses . 
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Fig. 1.4 Classifications of Residual Stresses Techniques . 

The main goal of the search is the optimization of residual stress for 

machining process of the Inconel 718. Under this approach, the residual 

stress must not be considered as a parameter that only depends on the 

material turning processing par

parameter that can be optimized. 

1.4.2  Surface Roughness  

The surface roughness can be defined as significant measurement of 

product quality because it impacts the costs of production as well as the 

effectiveness of mechanical parts. Some mechanical features such as 

creep life, cracks, fatigue behaviour and corrosion resistance are directly 

affected by the surface roughness  also it affects more functional 

characteristics of parts such as electrical connectivity, lubrication, wear, 

light reflection heat transmission and friction. Surface roughness can be 

considered as a measurement of the surface finish of products and an 

index of the product [14,15]. There are number of elements affects the 

workpieces roughness including: 

1. Cutting parameters: a) Cutting speed (v). b) Feed rate (f). c) Depth of 

cut(d). 
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 2. The tool geometry: a) Nose radius. b) Rake angle. c) Side cutting 

edge angle. d) Cutting edge 

3. Workpiece and tool material combination and their mechanical 

properties. 

4. Auxiliary tooling, and lubricant used. 

5. Vibrations between the workpiece, machine tool and cutting tool. 

1.4.3. Hardness 

deformation occurring through a process of indentation. The surface 

microhardness of the workpiece following operation via turning is 

considered as one of the main factors in surface integrity. One of the 

most significant parameters of surface integrity is the micro-hardness, it 

impact their lifespans. The high microhardness of materials and poor 

machinability of metals result in premature and severe cutting tool wear 

in dry turning procedure. The microhardness measurements have been 

applied for identifying the metallurgical changes of the workpiece in all 

the regions and layers below the machined surfaces following the 

machining procedure [22]. Microhardness measurements are utilized for 

measuring the degree of work hardening, sub surface alteration, also they 

are considered of high importance in determining fatigue crack initiation, 

wear resistance and corrosion resistance [23].  

1.5  Corrosion  

Every year a lot of money is spent for repairs of engine, blade and shaft, 

due to the corrosion damage. In addition to the direct economic losses, the 

failure of costly infrastructures can be tragedies and can have serious 

economic, environmental and social penalties. The early detection of part 

corrosion will lead to suitable actions for delaying or preventing the 
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damage which could be made via the corrosion.  Expanse of labour and 

money might be saved in post repair works, and possible severe accidents 

might be avoided the corrosion [24,25]. 

As regard to the nonmetallic materials, the expression corrosion is always 

denoting their deterioration from chemical reasons, however, the same may 

not be applied to metals. Various establishments believe that the expression 

(metallic corrosion) involves all the interactions of alloys or metals with its 

environment, regardless of whether it is beneficial or deliberate, deleterious 

or adventitious.[26]. On this basis, there are different types of corrosion a 

metal. The corrosion forms can be defined in the following subsection: 

 

1.5.1. Corrosion Types: 

( Cavitation corrosion, Selective attack, selective leaching, Stress corrosion 

cracking, Crevice corrosion, Corrosion fatigue, Intergranular corrosion, 

Galvanic corrosion, Erosion corrosion, Uniform corrosion, Fretting 

corrosion, Thermogalvanic corrosion, Pitting corrosion) different 

. 1.5 [26]: 
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Fig. 1.5 Based on their simplicity of recognition, the major corrosion forms 

are grouped [26] 

1.5.2 Corrosion of Ni-based Superalloy 

Because of their excellent mechanical features and their high corrosion 

resistance, Ni based alloys are considered highly important. Various 

industrial application are taking advantage of these features, examples of 

these applications are paper industry, power generation systems, gas and oil 

extraction, pollution control and petrochemical and chemical processing. 

Globally, the corrosion resistant of  Inconel 718 is highly significant 

industrial material. In most unfavorable situations, it represents an 

important upgrade over stainless steels, also its greater initial costs are 

equalized through its longevity, thus decreased downtime of equipment, it 

is simple to form and weld to complex industrial components.[27-30] 
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1.6 Problem Statement 

In this study, the focus is on major parameters effect on surface integrity, 

study roughness ,microhardness ,residual stress ,and corrosion behavior not 

just study but find optimal parameters produce optimal value to thus 

response  by using Design of Experimental(DOE). DOE Taguchi method is 

utilized to investigate the impact of the main cutting parameters. 

The optimal cutting parameters will be productive for various industries 

and researchers working in machining process and reduce cost and material.  

Finite element method offers ways for studying the complex machining 

procedure at low cost and short time as compared to experimental studies. 

Corrosion in superalloy and specially in Inconel 718 is very important in 

industrial field .So to understand the electrochemical behavior of the 

samples by calculation corrosion rate for alloy by electrochemical potential 

method under different cutting parameters then select optimal cutting 

conditions.. 

1.7. The aim of the study: 

In this study an attempt has been made to obtain the following objectives: 

1. Determining the effect of different cutting parameters(cutting speed, feed 

rate and depth of cut) on surface roughness and microhardness throughout 

turning of difficult to machine Inconel 718 alloy. 

2. Determining the effect of machining parameters on residual stresses on 

the workpiece experimentally and by using finite element simulation 

(Abaqus software). 

3. Finding  out temperature distribution on workpiece using finite element 

simulation and determine the effect of machining parameters on 

temperature using Taguchi analysis. 

4. Investigating  the corrosion behavior of machined superalloy after 

turning and choose optimal machining parameters to avoid corrosion. 
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5. Improving the application of machining and enable manufacturers to 

make educated decision by using the optimization of the machining 

parameters using Taguchi design mixed orthogonal array. 

1.8. Study Organization 

In-depth research contents are suggested in the form of present study      

and ordered into the below-mentioned five chapters: 

Chapter One  General Introduction 

Initial background concerning superalloy, Chemical composition and 

classification of superalloy also focused and explain corrosion in 

superalloy. Then explain the difficulty in machining of superalloy ,type of 

turning and surface integrity including (residual stresses, roughness and 

micro hardness). The precise purpose of the current search work were 

presented and the advantages which might be obtained from the current 

research work were listed.  

Chapter Two- Literature Review 

Former studies associated to response variables including the residual 

stress, temperature distribution, surface roughness, microhardness after 

turning  and corrosion in superalloy are present. The research gaps 

according to the literature have been recognized at the last part of this 

chapter. 

Chapter Three- Methodology and Experimental Work 

The features of workpiece ,cutting tool, toolholder and its dimensions with 

designation have been described. The surface roughness ,microhardness, 

residual stresses and corrosion rate theory and equations explained in this 

chapter. All measurement device (roughness, microhardness, residual 

stresses, corrosion rate) are described  with it limitation and manufacturing 

.The selection of cutting parameters during turning are explained. 

Simulation section contain step by step 3D dynamic explicit turning model 
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based on FEM explain residual stress and temperature distributions in 

workpiece. A brief discussion pertaining to the design of experimental 

(DOE) with Taguchi method  L9 design is also presented. 

Chapter Four-   Results and Discussions       

Concerning this chapter, the effect of cutting parameters on residual stress 

and corrosion rate after turning based on analysis of ANOVA are 

discussed. In  addition, surface integrity  (surface roughness, 

microhardness) was evaluated. From  FEM ABAQUS program the residual 

stresses and temperature distribution values comparing with the same 

experimental values. Lastly, optimization regarding all response variables 

is achieved through desirability function. 

Chapter Five- Conclusions and Suggestions for  Future Work 

Concerning this chapter, a listing has been made for the conclusions of 

various studies covered in the search and recommendations for future 

works in accordance with the limitations of the current study.

 

 

 


