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Abstract  

Machining is a finishing technique in which work pieces are produced to the desired 

dimensions and surface finish by gradually removing extra material from the prepared blank 

in the form of chips with the help of cutting tool. Regression models were conducted using full 

factorial. Analysis of variance was used to assess the validity of the developed model. 

Experiments were performed on a CNC (Computer Numerical Control) machine on workpiece 

of stainless steel (AISI 440) which is used in the construction of bearings, nozzles, aircrafts, 

and wear parts of pumps, mold inserts, and surgical tools. The findings showed that feed rate 

contributed 95% that it was the most significant parameter affecting surface roughness. 

Minimum surface roughness of 0.6 μm was achieved at lowest value of cutting parameters 

speed of and maximum surface roughness of 6.52 μm were achieved at highest value of cutting 

parameters. The highest temperature of 60.929°C was observed for higher cutting parameters 

and the lowest temperature (45.592 °C) for lower cutting parameters. An optimization 

problem was solved using a response surface methodology in design experiment 13. By 

carrying out response optimization process from RSM are observed that Ra of 0.343285µm 

when the material grinded at 550Rpm, 2mm/min and depth of cut was 0.02mm. Simulation was 

done using LS-DYNA. An optimum value observed from simulation are Optimum temperature 

value is 47.5503c0 at combination of the grinding parameters were at work piece speed (Rpm) 

of 550.01Rpm, feed rate of 0.012004 mm/min and depth of cut were at 0.0399856mm. 

Optimum range deformation value were 6.40611 mm at combination of grinding parameters 

were at work piece speed of 550.126Rpm, feed rate of  0.06846mm/min and depth of cut were 

at 0.02mm. Optimum equivalent stress value were 1068.58 Mpa at combination of grinding 

parameters were at work piece speed of 550.001Rpm, feed rate of  0.1125mm/min and depth 

of cut were at 0.0397mm. D-spacing calculated by using data from XRD on origin software. 

Micro-strain was calculated and Residual stress was calculated based on hooks law. 

Keywords: Response Surface Methodology, LS-DYNA, XRD, Surface roughness, 

residual and stainless steel 440 
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CHAPTER ONE 

1. INTRODUCTION 
 

1.1 Introduction 

In the material removal process, excess material from the initial work piece is removed 

through a series of shaping operations to leave the desired final shape Guochao et al. (2014) 

.Machining, collectively referred to as cutting, is the process by which a hard material, 

used as a cutting tool, removes unwanted portions from a soft material to give the work piece 

desired shape and final material. Removing the chip produces a new surface. Machining is 

most commonly used to give shape, dimensions and sometimes properties to raw materials to 

produce desired components. 

Machining is the commonly used manufacturing process for the production of finished 

components of desired shape, size and accuracy. Machining process involves the usage of 

single or multiple point cutting tools to remove the unwanted materials from the stock in the 

form of chips Koinandurai, (2013). Among the various metal cutting process available, 

Grinding is one of the important metal cutting processes used extensively in the finishing 

operation of discrete components. It is a versatile and also finishes machining process in the 

production of component requiring close dimensional tolerances, geometrical accuracies and 

required surface finish Rajinohan et al. (2014). Most of the production processes are 

incomplete without grinding process. According to Subraiilanian et al. (2019), it is a major 

manufacturing process, which accounts for about 25% of the total expenditure on machining 

operations in industrialized countries. Almost all the engineering components are processed in 

grinding machines at some stages of its production. 
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Figure 1-1 Classification of Material Removal Process 

The machining process is considered one of the most important processes in the 

manufacturing industry. A huge amount of research on this topic has been conducted over the 

past decades, but there is always room for improvement Sreejith et al. (2019). The researcher's 

focus is on increasing productivity while ensuring sustainability and improving quality. The 

desire for excellence has driven the need for optimization in the machine and process areas 

Khan et al. (2020). Today, the competition among manufacturers is to produce products with 

the highest possible quality and productivity at the lowest possible cost. Therefore, controlling 

independent parameters that have a large impact on these reactions is an important goal in 

manufacturing. 

In the metal cutting industry, Grinding is often chosen as a finish machining for the 

surface with a high requirement for accuracy and with small surface roughness. 

Therefore, the parameters of the surface quality of the machine parts when grinding are 

especially interested.so, Several parameters of the surface properties of the part, such as 

wear resistance, fatigue strength, chemical corrosion resistance, and joint strength (for 

tight joints), are directly affected by surface roughness. Therefore, surface roughness is a 

very important parameter. 

Material removal process 

Abrasive process 

Drilling 
operation 

Mechanica
l energy 

Turning 
operation 

Convectional 
machine 

Non-convectional 
machine 

Other 
operation 

Milling 
operation 

Electro 
mechanical 
process 

Chemical 
energy 

Thermal 
energy 

Grinding 
operation  

Other 
abrasive 
operation 



  

 Page 3 
 

 In contrast to other material removal processes, a grinding operation requires more 

energy to remove the same material volume and thus has a higher specific energy. This 

indeed results in high generation of heat energy. The level of heat generated depends not 

only on the interaction forces within the grinding zone but also on the plastic deformation 

mechanism associated with the material removal process, the table speed and the grinding 

wheel speed. Consequently, the work piece temperature rises to a level governed by its 

thermal properties and the grinding conditions. As the work peace moves with table 

speed, the grinding temperature starts to decrease due to the cooling effect and thermal 

energy diffusion into the work piece.  

Cylindrical grinding is an industrial machining process to produce a smooth finish on the 

flat surface of a work piece. In this process, there are abrasive grains adhered to the 

peripheral area of the grinding wheel; thereby, when this one rotates at high speed, it 

removes the surface layer of the work piece Zhu & Beaucamp, (2020). In Fig. 1.2, we 

consider the grinding wheel fixed with respect to the observer and the work piece moving 

from right to left at feed rate vd . For not very conductive work piece, almost all the 

energy of the process is converted into heat, which is concentrated within the grinding 

area of width. This heat flux entering into the work piece leads to high temperatures that 

can damage the work piece (i.e., burning, phase transformations, or residual stresses); 

thus, many times coolant is applied onto the surface to avoid thermally induced damage 

Jamshidi & Budak, (2021). 

 

Figure 1-2 Grinding geometry Wasif et al., (2019)   
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The quality of a machined surface is becoming more and more important in order to satisfy the 

increasing demands of sophisticated component performance, longevity, and reliability so that 

they can achieve their functions according to geometric, dimensional and surface 

considerations. An understanding of surface finish provides much advantage in avoiding 

failures; enhance component integrity and costs saving. Grinding is most commonly used as a 

finishing process to achieve material removal and desired surface finish with acceptable 

surface integrity, dimensional tolerance and form tolerance. The surface quality produced in 

surface grinding is influenced by various parameters such a: wheel parameters abrasives, grain 

size, grade, structure, binder, shape and dimension; ii. Workpiece parameters fracture mode, 

mechanical properties and chemical composition; iii. Process parameters wheel speed, depth 

of cut, table speed and dressing condition; iv. Machine parameters static and dynamic 

characteristics, spindle system and table system. 

Mechanical methods of residual stress measurement are limited by assumptions concerning the 

nature of the residual stress field and sample geometry. Being necessarily destructive, 

mechanical methods cannot be directly checked by repeat measurement. The residual stress is 

calculated from the strain or deflection produced by sectioning to relax the residual stresses 

present. Only in the limit of relaxing all of the residual stress in the body can the true residual 

stress present be determined. The sample geometry is usually limited to simple forms (plates, 

beams, cylinders, etc.) by the availability of closed form solutions to calculate residual stress 

from the measured change in strain. Finite element solutions can be developed for more 

complex geometries. Spatial and depth resolution are generally an order of magnitude less 

than those of x-ray diffraction. 

X-ray diffraction residual stress methods calculate the residual stress present from the strains 

measured in the crystal lattice of the grains in the sample. Because the residual stresses are 

entirely elastic, the entire stress present is measured nondestructively without altering the 

sample. To determine the stress in one direction on the sample surface, the strain in the crystal 

lattice must be measured for at least two precisely known orientations relative to the sample 

surface. Therefore, x-ray diffraction residual stress measurement is applicable to materials that 

are crystalline, relatively fine grained, and produces diffraction for any orientation of the 

sample surface. Samples may be metallic or ceramic, provided a diffraction peak of suitable 

intensity and free of interference from neighboring peaks can be produced in the high back-
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reflection region with the radiations available. X-ray diffraction residual stress measurement is 

unique in that macroscopic and microscopic residual stresses can be determined 

nondestructively. 

1.2 Problem Statement 

Grinding is one of the important metal cutting processes used extensively in the finishing 

operation of discrete components. Stainless steel 440C were applied in construction of 

bearings, nozzles, aircrafts, and wear parts of pumps, mold inserts, and surgical tools. It is a 

versatile and also finishes machining process in the production of component requiring close 

dimensional tolerances, geometrical accuracies and required surface finish Rajinohan et al. 

(2014). The cylindrical grinder is a type of grinding machine used to shape the outside of an 

object. An essential step in many manufacturing processes is cylindrical grinding, the process 

of using abrasive grinding to remove material from a work-piece. Various industries use 

cylindrical grinding machines, from automotive and aerospace to military and information 

technology. These machines shape pieces like cylinders, pistons and pins to suit the desired 

form and function. Although cylindrical grinding machines are helpful and simplistic, 

problems like burn surface and phase transformation can still occur during manufacturing. 

Preventing grinding problems is critical for ensuring production accuracy and avoiding 

damage to the cylindrical grinding machine. High in feed of the work-piece and material 

removal rate could also lead to grinding burn. Try reducing the wheel indeed rate and 

increasing the wheel traverse rate. When the cylindrical grinding operation doesn’t meet the 

requirements and the work-piece is set incorrectly, work-pieces can be inaccurate. Using a 

slower traverse rate to dress the wheel, dressing the wheel parallel to the work-piece or 

replacing the wheel with a harder grade or finer grit may solve the issue. Make the final 

dressing in the opposite direction of the initial runs, and then flush the wheel with coolant after 

dressing to clean it. One of the most common cylindrical grinding problems is the presence of 

fine spirals or scratches on the work-piece, making the surface uneven. These imperfections 

come in several types, including: A thread pattern corresponding to the feed rate.  
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1.3 Objectives 

1.3.1 General Objective 

The General objective of this research was Numerical Analysis and Experimental 

Investigation of Residual Stress and Surface Roughness in Cylindrical Grinding of 

Stainless-steel 440C. 

1.3.2 Specific Objective 

1. To experimentally investigation the influence of the input machining parameters (workpiece 

speed, feed rate and depth of cutting) on output parameters cylindrical grinding of Stainless 

Steel 440. 

2. To develop an empirical equation of each output responses in terms of input parameters 

based on the experimental data. Further this mathematical model is used to predict the output 

responses. 

3. To optimization of the input process parameter based on the response optimizer techniques 

from RSM Further, optimal set of input parameters are investigated for these optimal 

responses. 

4. To investigate the effect input process parameter on residual stress during cylindrical 

grinding of stainless steel 440C.  

5. To conduct simulation of grinded stainless 440c by using LS-DYNA software. 

1.4 Significance of the Studies 

The proposed study work is to establishing a machining investigation to find out the 

cutting parameters which highly affect machining: feed rate, depth of cut and cutting 

speed at which optimum value can be simultaneously optimized is advantageous in terms 

of: - 

 Improving service life of the product, 

 Improving  wear and corrosion resistance of parts, 
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 Improving machining precision, 

 Improving excellent surface quality, 

 Reduction in machining time, 

 Reduction in machining costs, and 

 Providing freedom for industrials to choose optimum cutting parameters. 

Additionally, it will help the researcher to grasp theoretical and practical knowledge 

on research area and there are other beneficiaries from this study work such as students 

those are studying this research area, future researcher as literature and manufacturing 

industries in need of this grinding work. 

1.5 Scope of the Studies 

The scope of this research paper was centered on optimization of cutting parameters, to 

simultaneously optimize and establish the best combination of cutting  parameters that 

influence the surface roughness and residual stress during grinding of AISI 440 tool steel on 

CNC machine as to increase the customer’s satisfaction and improve plant productivity 

without taking into account the impact of cutting force, machine vibration, and tool nose effect 

on surface quality and productivity as it is difficult to measure vibration frequencies and force 

without a dynamometer. And three levels of the chosen parameters viz. wheel speed, table 

speed and depth of cutting was considered.  

1.6 limitation of the studies 

This study was limited by availability of the machine, since the start of the work the researcher 

proposed CNC surface grinding machine but it was not functional at the intended time, so after 

discussion with advisor the researcher changed to cylindrical grinder with similar material and 

methods. 

1.7 Structure of the Thesis 

This study entitled numerical analysis and experimental investigation of residual stress 

and surface roughness using cylindrical grinding of stainless steel 440 is organized into 

five chapters. 
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 Chapter one of the thesis is an introduction with an overview of the chosen 

workpiece and cutting condition, the statement's problem, its significance and 

objectives, and finally its scope and limitations. 

 Chapter two provides an overview of previous research work related to this 

research, and the summary of the literature with the research gap is described. 

 Chapter three discusses the materials and methodologies used in this research 

study. This includes detailed information about the workpiece and cutting tool 

used machines and equipment used, and the experimental procedure followed. 

 In Chapter four, the main results of experimental studies and predictions are 

presented together with a detailed discussion. This chapter examines the effects 

of cutting parameters (cutting speed, depth of cut, and feed rate) on surface 

roughness and residual stress. 

 At the last the whole study's conclusion, recommendations, and future research 

directions were given. 
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CHAPTER TWO 

2. LITERATURE REVIEW 
2.1 Introduction 

The market demand for good surface quality of metal product at a reasonable cost has 

increased from time to time due to the final requirements of mirror surfaces required in the 

industry. These factors lead researchers to search for a better way to achieve these conflicting 

goals (Khan et al., 2020). Machinability is a term that describes the ease of performing a 

material removal process regardless of the machining method considered. Machining is a 

general term that deals with certain parameters that are usually described as output responses. 

In the metal removal process, output responses are mainly influenced by the appropriate 

selection of cutting parameters, so optimal cutting parameters must be determined to improve 

surface quality, increase productivity and reduce machining costs. To solve this, many 

researchers spent a lot of time to find out how these cutting parameters affect the output 

response and suggested the points where the optimal values are located, so this chapter gives 

an overview of the work of various grinding researchers. different workpiece materials and 

cutting tools. And what they found during experimentation and how cutting parameters and 

output responses logically affect each other and what optimization methods the researchers 

used for single and multi-objective optimization Benedicto et al (2017). 

   2.2 History of Grinding 

The earliest practical abrasive dates back to the Neolithic period. The Neolithic period is also 

known as New Age Rock. Primitive operations were largely limited to manual operations due 

to the lack of machine tool technology. Grinding has been in production for over 100 years. 

Altzschner patented an early apparatus for finishing a sandstone grinding wheel in 1860. In the 

grinding process, hard abrasive particles are used as a knife. It started when prehistoric man 

wanted to sharpen his knife by rubbing it against sandstone. Today, the manufacturing is based 

on the grinding process. This was recorded as the cost of the finishing process alone 

accounting for 30% of the total machine cost in industrialized countries. Finishing always 

requires grinding at every stage of production, especially because of its precision. 
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2.3 Effect of Cutting Parameter on Residual Stress 

In the residual production of materials (forging, machining, heat treatment, etc.), in grinding 

processes and in general in cutting processing processes, the shear energy causes temperature 

rise and plastic deformation, and therefore residual stresses occur due to thermo mechanical 

effects. to phenomena occurring during the process. Some studies on the relationship between 

residual stress and grinding wheel topography using finite element methods and feed input 

parameters. Research shows that residual stresses depend not only on the grinding parameter 

and material removal rate, but also on the topography of the wheel through instantaneous 

structuring. With proper structuring, it is possible to reduce or even eliminate the tensile 

residual stress by dry grinding (Rabiey et al., 2020), conducted a composite study on the phase 

transition in grinding of Ni18-25 steel using an A-finite element model and the specific 

volume and yield strength were considered to know more about the residual stress in micro 

milling, The results showed that the effect of phase changes on the residual stress was mainly 

reflected in the tangential surface. This study used a new approach to analyze the residual 

stress caused by micro grinding and determined two process optimization criteria to reduce the 

residual stress (Zishan Dinga et al., 2020). (Kumar et al., 2020), conducted a study with a 

mobile XRD system using the cos α method using 42CrMo4(4140) STEEL with the parameter 

Different loads during multiphase grinding and material structure of sequential multistage 

response to variable grinding. processes. It was shown that the final state of the material, 

which is usually achievable in post-process studies, can also be reliably achieved by 

sequencing the process in several stages of a conventional grinding process and strongly 

depends on the contact parameters in the non-linear phase. somehow It can be shown that even 

the de-sparking step can cause significant changes in the surface residual stress state. 

Some researchers used AISIS 1018 STEEL as a research material and Johnson-Cook material 

model to study the effect of cutting speed, feed rate and depth of cut on residual stress. The 

results showed that the calculated residual stress values were quite close to the values of 

experimental works. The average deviation between the calculated results and the 

experimental results is only about 15.96% (Borchers et al., 2020). (Shen et al., 2019), this 

researcher conducted a study based on surface residual stress and maximum compressive 

stress using finite element method and martensitic steel C-250 (3J33) with wheel speed, 
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working speed, grinding depth and its variable. effect on surface and surface Residual stresses 

and results show that surface residual stress and maximum compressive residual stress are 

highly dependent on grinding speed, and higher grinding speed produces higher compressive 

residual stress, while the depth of maximum compressive residual stress varies slightly with 

grinding parameters. Residual stress penetration depth increases with increasing grinding 

speed and grinding depth, and decreases with increasing workpiece speed. (Chang et al., 2019) 

used silicon carbide and finite element methods as the research material. Wheel speed and 

cutting speed show the effect on phase change, residual stress, microdamage, grinding chips, 

surface topography. The results show that the high-speed grinding (HSG) process can 

significantly improve workpiece integrity in terms of better surface finish, less damage, and 

controlled residual stresses at higher material removal rates. In addition, it has been 

demonstrated that a polytype phase transformation can be induced in the HSG process. 

investigated the removal of macroscopic burrs by grinding using 304 stainless steel, input 

parameters with ~1–2 μm thick ultraabrasive grain layer, and SCC initiation resistance and 

initial reaction techniques varying by residual tensile strength, which resulted in the removal 

of macroscopic burrs.grinding. reduced residual tensile strength but resulted in more extensive 

cracking. This paradigm shift shows the dominant influence of microstructure on oxidation 

over the mechanical driving force of SCC. (Chang et al., 2019). (Rajaei et al., 2018), these 

researchers mainly focused on pendulum grinding of bearing steel AISI 52100 using Finite 

Element Method (FEM) experimental methods and parameter input Thermomechanical loads 

and output Temperature gradients, microstructural evolution, thermal and phase change 

stresses .  

Experimental and simulation studies and comparisons of measured and simulated residual 

stresses were performed in pendulum grinding. The depth of the subsurface zone where 

thermally induced microstructural changes occur varied according to changes in the process 

parameters. Experiments and simulations showed compressive stresses in the rehardened 

region and tensile stresses in the rehardened region. (da Silva et al., 2018), conducted a study 

on the cutting fluid used in the grinding process and its effect on the surface integrity of AISI 

4340 hardened steel material and the methods of the minimum lubrication (MQL) technique, 

where the input. Parameters are different cutting fluids and the output variables are the 
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residual stress. The results showed that the type of cutting fluid affected the surface integrity 

of the plots. It was concluded that the results showed the use of mixing and MQL fluids as an 

alternative to the use of integrated and synthetic cutting fluids, which promotes 

environmentally correct and sustainable production.Three factors can be distinguished that 

influence the final residual stress state (Huang et al., 2015)  

• The pressure of the tool/part causes friction in the workpiece material and thus plastic 

deformation, resulting in compressive residual stresses (mechanical stresses). 

 • Friction and heat from the tool/part during plastic deformation causes the part to heat up. 

The increase in temperature causes a momentary expansion of the surface of the material, 

which is limited by the bulk material. The resulting stresses may exceed the yield strength at 

the actual temperature and thus the surface material is plastically deformed. During subsequent 

cooling, thermal shrinkage causes residual stresses on the surface. These residual stresses are 

thermal residual stresses.  

• If the temperature reached during cutting is high enough, phase changes can occur in the 

processed material. In this way, if the workpiece is made of hardened steel, martensite can 

form as a result of rapid heating and cooling, causing compressive stresses due to volume 

changes associated with the martensitic transformation. 

The final stress state therefore depends on the relative importance of these three factors 

(mechanical, thermal and structural/phase change effects), which are determined not only by 

the physical and mechanical properties of the material being processed, but also by the 

processing parameters. used Therefore, it is very important to check the effect of each cutting 

parameter on the final surface integrity of the workpiece to determine the most suitable 

machining parameters. (Denkena et al., 2016) studied the grinding residual stress and grinding 

process directions using 1.3344 PM steel, using the measurement sin2 method as an 

experimental design method and tool and process parameters to grind input process parameters 

to investigate the residual stresses. The results show that the grinding strategy has a great 

effect on the generation of residual stress in both main directions of the process. In addition, 

the shear grain size has a large effect on the residual stresses perpendicular to the shear 
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direction, while the feed rate has the greatest effect on the residual stresses along the shear 

direction. 

 A good surface finish is achieved with a small cutting edge size, low feed rate and forward 

grinding strategy. Several authors have observed an increase in residual surface area for 

different materials (e.g. (Dahlman et al. 2017) in AISI 52100 steel, Jang et al. 2018 in AISI 

304 stainless steel, (Capello 2019) in various steels and Schlauer and Oden 2020 in Inconel 

718).. However, other authors, for example: (Rech and Moisan, .2022) state that this only 

applies to a certain nutritional range. In relation to the cutting speed, something similar 

happens (ie there is no agreement between the authors): some authors. states that the surface 

residual stresses increase with the shear speed, but (Rech and Moissan, 2021) found that from 

a certain cutting speed, an increase in cutting speed leads to a decrease in surface residual 

stresses, so there is some consensus in the literature that the actual trend of residual stresses at 

feed and cutting speed In this work, an attempt was made to shed some light on the effect of 

cutting speed and eat the final state of surface stress in AISI 4340 steel. In addition to the 

cutting parameters, the final surface integrity of the machined parts is expected to be 

influenced by the tool properties, as the mechanical and thermal loads change as the tool 

properties change. Therefore, the effect of tool tip radius, tool chip breaker geometry and 

cutter coating on the surface integrity of the machined part was also investigated in this work. 

Most of the studies in the bibliography on the effect of cutting parameters on the final stress 

state present the measured stresses in two directions: the cutting and feed directions. However, 

there is no indication that these directions are the main stress directions, so in this work, the 

full stress tensor is obtained for each studied case to obtain the maximum and minimum stress 

(main) stress and direction using Mohr's circle structure. Where are those main stresses 

located? In addition to the magnitude of the main stresses, it is also very important to know the 

direction, which is not usually done in the literature, because it can drastically affect the life of 

the components: if the direction of the maximum residual stress corresponds to the direction of 

the stress the voltage acting on the component resulting from the rated load (the load that the 

component suffers during normal use), the failure of the component occurs faster (catastrophic 

premature failure) than when both voltages are in different directions, because the residual 

stresses are added to the external stresses that the component undergoes during maintenance. 
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In general, it can be said that residual stresses are useful if they operate at the level of the 

stresses produced by the applied load and are opposite in meaning. 

2.4 Effect of Cutting Parameter on Surface Roughness 

(M. Nalbant et al., 2022) adopted the Taguchi method to discover the optimal cutting 

parameters for surface roughness in turning. The ANOVA method was used to study the 

performance characteristics of AISI 1030 steel bar turning with TiN-coated tools. The study 

reveals that feed rate and grain radius were the most important processing parameters affecting 

surface roughness in turning AISI 1030. (Ilhan Asilturk et al., 2018) focuses on optimizing 

turning parameters based on the Taguchi method to minimize surface roughness. (RaandRz). 

The experiment was performed on a CNC lathe using an L9 right angle table. Dry turning tests 

were performed using hardened AISI 4140 coated carbide tools. Feed rate was found to have 

the most significant effect on surface roughness. 

Xavior et al., (2019) carried out an experimental study to investigate the effect of different 

cutting fluids on tool wear and surface roughness in AISI 304 carbide insert turning. In 

addition, an attempt was made to find out the effect of coconut oil as a cutting fluid on 

reducing tool wear and surface roughness in the turning process. The performance of coconut 

oil differed from the other two cutting fluids, namely emulsion and pure (unmixed with water) 

cutting oil. Research results have shown that coconut oil as a cutting fluid performs better than 

the other two cutting fluids in improving surface finish and reducing tool wear. (M.Z.A. Yazid 

et al. 2016) observed surface integrity during end-turning of Inconel 718, a highly corrosion-

resistant nickel-based super alloy, under three cutting conditions (DRY, MQL 50 ml/h and 

MQL 100 ml/h). 

Microstructural analysis using SEM on the machined surface indicates that severe deformation 

has occurred, causing a change in microstructure at ground level of a few to several 

micrometers in thickness. Micro hardness showed work hardening below the machined 

surface. The results of this study indicate that MQL can potentially improve surface integrity 

properties. In (Wang, Sun, et al., 2017), a multi-objective optimization of machining 

parameters in dry turning of IASI 304 austenitic stainless steel was carried out. Three imp 

properties MRR, shear strength and surface roughness were measured. In (Vahid et al., 2022), 

a design experiment was conducted to optimize turning parameters such as cutting speed, 
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depth of cut and duplex steel feed. Duplex steels are generally sensitive to mechanical 

strengthening during machining. Feed rate and cutting speed have a statistically significant 

effect on the surface roughness parameters Ra, Rz, where increasing the factors increases the 

surface roughness, but then the feed rate is fixed at 0.1 mm. /rev cutting speed has less effect. 

 In (FlaviaLerraa et al., 2022) an attempt will be made to model and optimize hard-turned AISI 

D3 hardened steel using response surface methodology.  

The combined effects of four machining parameters, including cutting speed, feed rate, 

hardness and tool corner radius, were investigated. Surface roughness is most affected by tool 

corner radius and feed rate. The interactive effect of feed rate and corner radius, hardness 

corner radius and cutting speed corner radius on surface roughness was significant. (Zhou et 

al., 2017) CBN blades used in cutting blades are cryogenically treated at -196 degrees Celsius, 

cutting parameters cut speed at feed rate Cryogenically treated CBN blades consume less 

titanium than AISI 440 C steel. In titanium alloy, side wear was lower than AISI 440 C.In 

(González-Santander et al., 2018), cutting parameters of red copper pipe, namely cutting 

speed, feed speed and depth of cut, are optimized using Taguchi. An orthogonal array, signal-

to-noise ratio (S/N) is used to study the cutting characteristics of high-speed steel W18Cr4V 

cutters. In the experiment, the effect of various factors on the micro strip is investigated, the 

order of the primary and secondary effects of each factor on the surface roughness and the 

optimal processing method is obtained. 

 To reduce the surface roughness, the spindle speed should be reduced accordingly; nutrition 

and nutrition for tooth should be increased. In (Ali Rajaei et al., 2018) the optimization of 

cutting parameters was done in CNC turning of P20 steel. The effect of optimizing the cutting 

parameters (cutting speed, feed, depth of cut, nose radius and cutting medium) on the energy 

consumption of CNC startup is investigated. The Taguchi method and response surface 

methodology were used to compare energy consumption. Optimization of several quality 

parameters such as tool life, cutting force, surface roughness and power consumption in CNC 

turning of P20 steel using liquid nitrogen as coolant. The test results show that the highest 

desirability can be achieved with a low cutting speed, pitch and depth of cut, and a large tip 

radius. (Huang et al., 2015) conducted a study using carbon nitride hardened steel AISI52100 

with grinding force and grinding temperature as input parameters as well as surface roughness, 

residual stress and white layer. The test results show that the grinding force and plastic 
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deformation are significantly reduced at higher grinding speeds. At the same time, the depth of 

the white layer and the value of the residual stress increase with the speed of the grinder, and 

the residual stress is well correlated with the depth of the milled white layer. The white layer 

during the rapid grinding process is due to the phase change due to the grinding heat and rapid 

cooling, while the plastic deformation can be ignored for the ground white layer. 

 Denkena et al ( 2016) investigated the milling residual stress and milling process directions 

using 1.3344 PM steel using the sin2 method measured as an experimental design method and 

tool and process parameters to investigate the milling input process parameters to study the 

residual stresses. The results show that the grinding strategy has a great effect on the 

generation of residual stress in both main directions of the process. In addition, the size of the 

shear grain has a large effect on the transverse residual stresses in the shear direction, while 

the feed rate has the greatest effect on the residual stresses in the shear direction. A good 

surface finish is achieved with a small cutting edge size, low feed rate and forward grinding 

strategy. (Huang et al., 2016) conducted a study on fine-grained martensite heat compensation 

using AISI5140 steel using an experimental design technique for thermal compensation with 

the input variables grinding force, hardening layer depth, and surface quality under the 

influence of power. variables bottom surface, surface roughness and micro hardness. The test 

results show that a deep-hardening layer with fine-grained martensite can be obtained by 

thermal compensation.  

The ground surface of the workpiece produces a certain compressive residual stress, and the 

value of the compressive residual stress increases with the preheating temperature. As the 

preheating temperature increases, the grinding force decreases slightly, while the surface 

roughness increases slightly. Compared to the traditional hardening process, both the depth of 

the hardening layer and the residual stress distribution were significantly improved.  

 (Wang, Ge, et al., 2017), studied about contact angle between work piece and grinding wheels 

by using different mathematical formulas and inserting The contact angle and the Peclet 

Number as input and studied an effect on PHSF (profile of the heat source on the finished 

surface) results with, At small contact angles, the PHSF is right triangular. Under the 

conditions of very low Peclet Numbers and large contact angles, the PHSF is triangular. Under 

the conditions of large contact angles and high Peclet Numbers, the PHSF is parabolic. (Deng 
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et al., 2017), carried out a study by using 45 steel and experimental method of DEFORM-3D 

with a single grain, effects of pre-stress on grinding force, pile-up deformation, and plastic 

deformation of the machined surface layer and output response variable of metallographic 

structure and surface micro-topography, results with The pre-stress cannot change the average 

of grinding force directly, but has effect on the plastic deformation and phase transformation 

by affecting stress-strain and temperature in PSHG, and consequently has effect on residual 

stress. Besides, when releasing pre-stress, core materials have elastic recovery which results in 

additional compressive residual stress on surface. The pre-stress affects surface roughness by 

affecting pile-up deformation, dislocation density and grain volume, and surface damages. 

(Zhou et al., 2016) also investigated the surface integrity during the grinding process on an 

experimental stainless steel (DSS) 2304 material using the input variables using surface and 

substrate change using Chevalier FSG-2A618 grinding machine experimental methods. Under 

impact, it has the output response variables residual stress, microstructure, surface roughness, 

and surface defects. The results provide insight into the effect of abrasive grain size, abrasive 

strength and lubrication on surface integrity. The greatest effect was found to be the amount of 

abrasive roughness. The main causes of damage caused by grinding operations were found to 

be a superficial, highly deformed surface layer and the generation of tensile stresses in the 

grinding direction. This study is dominated by residual stresses caused by mechanical effects. 

(Yao et al., 2016) investigated the improved surface finish and minimum residual stress values 

of Inconel718 in surface grinding using SA (single alumina) and CBN (cubic boron nitride) 

wheels with variable input temperature and grinding force and grinding chips f and surface 

roughness and topographic response variables. It can be concluded that a better surface is 

obtained using SA and taking Inconel718 p = 0.005 mm, v w = 16 m/min, v s = 25 m/s for 

grinding. This grinding had a surface roughness of Ra0.112 μm, a surface residual stress of 

700 Mpa, and a surface roughness of 440 HV; the depth of the residual stress layer was 40-60 

μm, the depth of the softened layer was 30-40 μm, and the depth of the plastic deformation 

layer was 10-15 μm. 

(Ewald Kohls et al., 2021), conducted a study on surface grinding hardness using Finite 

Element Method (FEM) and AISI 4140 STEEL as the research material and the input and 

output parameters are cutting speed, feed and depth of cut. and thermal loads at the surface and 
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below the surface. In addition, correlations between hardness change and the Hollomon-Jaffe 

parameter are established, taking into account both the absolute temperature and its variation 

with time. Moreover, surface residual stresses have been shown to correlate with maximum 

local surface temperature gradients in the absence of significant hardening of the 

microstructure. (Chaudhari et al., 2021) conducted a study on minimum phase change and 

microhardness variation of AISI D2 TOOL STEEL using non-destructive magnetic technique 

with parameters Depth of cut and wheel pitch rate and surface roughness, 2-D surface profile, 

microstructure and micro hardness, etc. output variables obtained The test results showed that 

minimal soil phase change and micro hardness variation were observed in UVADG compared 

to CDG mode due to the periodic shearing effect of the abrasive grains on the work. material 

that limits excessive heat penetration. Lower surface roughness was observed in UVADG 

mode, which is Ra: 0.118 µm and Rz: 0.671 µm, respectively. (Weijie et al., 2021) 

investigated the average error during simulation and experimental investigation using the 

thermo mechanical Fe model and the parameters dd6 single crystal nickel-based super alloy 

with parameters such as wheel speed, depth of cut and feed rate and the residual stress as the 

output variable, they obtained the average errors using the new model between simulation and 

test below 16% and 20% for grinding temperature and residual stress, respectively.  

In addition, the grinding-induced residual stresses in the end regions of the blade root 

workpiece were generally compressive (eg, -150 to -100 MPa in the vertical grinding direction 

DD6 alloy crystal direction) and from -100 MPa. 200 up to -150 MPa in the parallel grinding 

direction DD6 alloy crystal orientation), while they gradually changed to tensile stresses in the 

adjacent valley regions (Vahid et al., 2022), lower flow rates are considered. SQCL compared 

to. flooded cooling system to grind 420 stainless steel using the most common bending electro 

polishing method and dry, flooded, and small-volume cooling lubrication (SQCL ). was 

observed due to the significantly lower flow rate of SQCL compared to the flood cooling 

system, therefore compressive residual stresses were observed at depth below the 

surface.(FlaviaLerraa et al., 2022) conducted a compressive study on the development of the 

grinding process. from a simulation involving multi-grain grinding, real grain geometry, 

bonding effect and real workpiece grinding kinematics using finite element methods in 

42CrMo4 grinding. and the input response variables are depth of cut and wheel speed in 

surface hardness. 
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2.5 Mathematical Modeling  

 A mathematical model using statistical method provides a better solution. Regression analysis 

is suitable to find the best combination of independent variables which is speed, feed rate, and 

the depth of cut in order to achieve desired surface roughness. Unfortunately, regression model 

is obtained from a statistical analysis which has to collect large sample of data.  

A. Regression Analysis 

After the surface roughness is obtained for all experiments, a table needs to be filled in order 

to obtain several values for the analysis. In order to obtain regression coefficient estimates β0, 

β1, β2, and β3, it is necessary to solve the given simultaneous system of linear equations. 

B. Calculation of the coefficients of the regression model 

This step deals with development of mathematical model. A mathematical model is the one 

which shows the relationship between the input and output variables. In the process model it 

relates the input process variables to the response variable of the process. Hence it is able to 

predict the response of the process for input variable considered. In man problem there are two 

or more variables that are related and it’s important to model and explore this relationship. In 

general if there is a single dependent variable or response ‘Y’ which depends on ‘K’ 

independent variables such as x1 x2…..xk , the relationship between these variables are 

characterized by a mathematical model called regression equation. The regression model is 

obtained using a set of experimental data. In some instance the experimenter knows the exact 

form of true relationship between y and x1 x2…..x k i.e.  

y= f (x1 x2…..xk) but in most cases the true functional relationships is unknown and the 

experimenter chooses an appropriate function. 

The equation for Regression is 

Y = β0+ β1X1+ β2X2+ β3X3 Equation 2-1 

Where, Y represents the response, X1, X2, X3 represents the coded values of process 

parameters and β0, β1, β2, β3 Represents the regression coefficient to be determined. In this 

work the input process variables are speed feed and depth of cut. The output response is 
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surface roughness. Hence the relationship between these inputs and response variable are to be 

found out by developing a regression based mathematical model. Hence X1, X2 and X3 

represents coded values of speed, feed and depth of cut respectively. Y1 – surface roughness. 

The coefficient such as β0, β1, β2, and β3, have to be determined for the development of 

regression based mathematical model. Once the model is formed, the coded values of the 

actual process variables have to be substituted in the equation to get the predicted response of 

the process. In this work the values of regression coefficient are calculated using software 

statistical analysis software that can be used to create statistical mathematical model. 

2.6 Optimization of Cylindrical grinding Process Parameters 

Cylindrical grinding is an important process in the final machining of components that require 

smooth surfaces and precise tolerances. The different process parameters of a cylindrical 

grinder are the depth of cut, the hardness of the material and the speed of the workpiece, the 

size of the grinder and the speed of the grinder. Design of experiments is the arrangement of 

an experiment so that the correct data can be evaluated using statistical methods, resulting in 

reliable and relevant results. The Taguchi technique of experimental design provides a simple, 

efficient and systematic way to select the best cutting settings while investigating the 

interaction between factors. By increasing the efficiency of generating the data needed to find 

parameters that guide responses, it can lower research and development costs. The Taguchi 

S/N ratio technique is used to investigate how grinding parameters affect surface roughness 

and material removal. The signal-to-noise ratio (S/N) is a measure of the quality of the 

detected data and indicates the value of the test result. The terms "signal" and "noise" refer to 

acceptable and undesirable values, respectively. Noise factors are uncontrollable factors due to 

which the functional characteristics of the product deviate from the desired values. These 

factors can be classified as external (e.g. weather conditions and human error), production 

defects (e.g. parameter differences between units) and product deterioration (wear and tear). 

The parameter works better in the presence of noise factors when the S/N ratio is high.  

The process parameter level with the highest S/N ratio is therefore the ideal level. An 

important processing step that lowers processing costs and ensures the quality of the finished 

product is the optimization of working parameters. Black in the GRA represents areas with 

missing data, while white represents areas with all available information. A system whose 
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information falls between black and white is called a gray system. Gray's theory provides a 

convincing solution for any system with an uncertain model or incomplete data. In addition, it 

provides a feasible answer to ambiguous, multicomponent and discrete data problems. When 

there is less information, this is a useful tool for evaluating the relationships between 

components. Hall's system theory was first proposed by Deng in 1982 and proved useful in 

dealing with imprecise, insufficient, and ambiguous data. The complex relationships of many 

performance parameters can be effectively solved using gray relationship analysis based on 

gray system theory. The gray relationship score is obtained using gray relationship analysis to 

evaluate different aspects of performance. As a result, optimization of a single gray ratio class 

can replace complex optimization of multiple performance attributes.  

The main objective of this study is to show how Taguchi's design of experiments and gray 

correlation analysis can be used to predict grinding behavior and achieve optimal operating 

process parameters (GRA). Stainless steel (SS 304) was chosen for the test because it has 

many applications in the automotive, aerospace and food industries. It is more machinable and 

has better strength properties. The most popular austenitic stainless steel is SS 304. It has good 

corrosion resistance and formability and is often called 18/8 stainless steel. An analytical 

model of surface roughness was tested in a Milan Rice rum 1 cylinder mill (I M Chandran et 

al, 2018).  

An empirical equation linking many process elements was created to select the best machine 

settings to achieve the best surface finish. The Taguchi optimization method was used to 

determine the ideal transverse parameters of feed, hardness and speed. (Rekha et al., 2017) 

used the Taguchi technique and metaheuristic algorithms to predict the optimal grinding 

parameters that satisfy machine performance indicators. (Deepak Pal et al., 2019) conducted a 

study to predict the grinding behavior and find the optimal machine parameters. In this work, 

Taguchi optimization was used to reduce the surface roughness (Ra). EN 24, EN 31 and 

Dieteräs were used as workpiece materials in this test. The authors used an orthogonal L9 

array in their study. In this work, work speed, grinding wheel characteristics and material 

hardness were used as input factors. MATLAB software was used for optimization processes. 

The best value of surface roughness was found to be 1.07 m (M. Janardhan et al., 2021) used 

the Taguchi technique and developed a model with regression analysis to predict and optimize 
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process parameters. The main objectives of this research were to reduce the surface roughness 

(Ra) and increase the metal removal rate (MRR).  

The tests were performed with a CNC cylinder mill using the EN8 standard as the workpiece 

material. Empirical models were developed using regression analysis to explain the 

relationship between treatment variables and responses. An L9 orthogonal array was designed 

to perform the experiments. The input parameters of this research were longitudinal feed 

(mm/min), operating speed (rpm) and depth of cut. The concepts of S/N ratio and ANOVA 

were used to measure the effect of process factors. The optimized Ra and MRR values for the 

cylinder process were 0.816 m and 62.05 g/min, respectively. Palanisamy, A. et al. studied 

EDM machining operations and applied GRA to predict the most appropriate machining 

variables that satisfy all responses. Machining is essential to achieve high dimensional 

tolerances and surface finish. Mechanical processing is divided into turning, grinding, drilling, 

grinding, etc. Grinding is an effective material removal method for hard materials that require 

high surface quality and precision. Grinding cylindrical work and removing metal in small 

chips is called cylindrical grinding. With the cylindrical grinding method, an excellent finish 

can be achieved with high precision and close dimensions. In the cylindrical grinding 

operation, the work is supported in both centers, after which the process is carried out with a 

grinder (Ramish, z. et al., 2017). Due to the complex installation and the high sensitivity of 

several kinematic, dynamic and geometric influencing parameters, center less grinding is 

rarely used in limited mass production. Finishing of components requiring a good surface 

finish and large tolerances requires cylindrical grinding. Grinding is an expensive process that 

must be used with ideal parameters compared to other machining techniques. Milling, despite 

its widespread use in industry, is probably the least understood of the machining operations. 

Process parameters such as machine speed, cross feed, feed rate and coolant are the main 

operating inputs that determine the output parameters, viz. surface roughness, metal removal 

rate, tool wear and surface damage, among others. Da Silva, A. et al.,( 2021). 
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2.7 Summary of Literature Review 
Table 2-1 summary of literature 

Authors Materi
al used  

Experime
ntal 
design 
technique 

Input 
paramete
r  

Output\ 
result 

Finding of the study 

 Huang, 
X., et 
al. (2016
) 

 AISI51
40 steel 

thermal 
compensat
ion 

grinding 
force, 
harden 
layer 
depth and 
surface 
quality  

ground 
surface, 
surface 
roughness and 
micro-
hardness 

The experimental results show that a deep 
harden layer with a fine grain martensite 
can be obtained with the thermal 
compensation. The ground workpiece 
surface produces a certain compressive 
residual stress, and the residual 
compressive stress value increases with 
preheating temperature. As the preheating 
temperature increases, grinding force 
slightly decreases, while there is slightly 
increment of surface roughness.  
 

 Zhou, 
N., R. 
(2016). 

 
stainles
s steel 
(DSS) 
2304 

Chevalier 
FSG-
2A618 
grinding 
machine 

surface 
and sub-
surface 
changes 

Residual 
stress, the 
microstructure
, surface 
roughness and 
surface 
defects. 

The results provide insights into the effect 
of abrasive grit size, grinding force and 
lubrication on the surface integrity. The 
abrasive grit size was found to have the 
largest influence. Surface defects, a highly 
deformed surface layer and the generation 
of tensile residual stresses along the 
grinding direction have been found to be 
the main types of damage induced by the 
grinding operation. Residual stresses 
induced by mechanical effects dominate 
over thermal effects in this study. 

Zhou, 
Nian; 
(2017).  

 
stainles
s steel 
304L 

3D optical 
topometer 
(Wyko 
NT9100) 
was used 

abrasive 
grit size, 
machine 
power, 
and 
grinding 
lubrication 
on the 
surface 
integrity 

The induced 
normal 
grinding 
force, 
grinding 
surface 
temperature, 
metal removal 
rate, and 
surface 
property 

Surface finish and deformation were 
found to be improved by using smaller 
abrasive grits or by using lubrication 
during grinding. Increasing the machine 
power increased surface deformation 
while reducing surface defects. The results 
obtained can provide a reference for 
choosing appropriate grinding parameters 
when machining 304L; and can also help 
to understand the failure mechanism of 
ground austenitic stainless steel 
components during service. 

Ali 
Rajaei et 
al(2018) 

steel 
AISI 
52100 

Finite 
Element 
Method 

Thermo-
mechanica
l and 

temperature 
and 
microstructure 

Experiments and simulations showed 
compressive stresses in the re-hardened 
Zone and tensile stresses in the tempered 
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(FEM). metallurgi
cal 
changes 

changes area. 

da Silva, 
L.R.,(20
19) 

AISI 
4340 
hardene
d steel  

minimum 
quantity 
lubricant 
(MQL) 
technique 

different 
cutting 
fluids  

residual stress 
 

The results showed that the type of cutting 
fluid influenced the surface integrity of 
the ground pieces. It was concluded that 
the results showed the use of the mix and 
MQL fluids as an alternative to the use of 
the integral and synthetic cutting fluids, 
thus contributing to an ecologically 
correct and sustainable manufacture. 

Do 
DucTrun
g,.et al. 
(2020) 

AISIS 
1018 
STEEL 

Johnson-
Cook’s 
material 
model 

cutting 
speed, the 
feed-rate 
and the 
cutting 
depth 

residual stress The results showed that the residual stress 
values when calculating were quite close 
to the values from experimental works. 
The average deviation between the 
calculated results and the experimental 
results is only about 15.96%. T 

Shen, 
(2020) 

C-250 
naragin
g steel 
(3J33) 

Finite 
element 
method 

 wheel 
speed, 
workspeed
, grinding 
depth 

Surface and 
subsurface 
Residual 
stresses 

 Results show that the surface residual 
stress and peak compressive residual 
stress depend greatly on the grinding 
speed and higher grinding speed generates 
larger compressive residual stress, while 
the depth of peak compressive residual 
stress varies slightly with the grinding 
parameters. The residual stress penetration 
depth increases with the increase of the 
grinding speed and grinding depth, and 
decreases with the increase of the 
workpiece speed.  

Rabiey, 
Moham
mad; 
(2020). 

100Cr6 Finite 
element 
method 
 

Feed 
speed 
Cutting 
speed 
Depth of 
cut 

 residual 
stresses in 
direction of 
feed and 
perpendicular 
to the feed 
direction 

The investigation shows that the residual 
stresses not only depends on the grinding 
parameter and material removal rate but 
also depends on topo graph of the wheel 
for instant by structuring. With proper 
structuring, it is possible to decrease the 
tensile residual stress or eliminate it even 
by dry grinding. 

        
Ewald 
(2021).    

AISI 
4140 
STEEL 

Finite 
element 
method 
(FEM). 

Cutting 
speed, 
feed rate 
and depth 
of cut 

 thermal loads 
at the surface 
and 
subsurface 

The results show that the hardness change 
during surface grinding correlates with the 
maximum temperature rate at given 
maximum temperatures. In addition, 
correlations between the hardness change 
and the Hollomon–Jaffe parameter are 
identified, taking into account both the 
absolute temperature and its evolution 
over time. Furthermore, it was shown that 
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the surface residual stresses correlate with 
the maximum local temperature gradients 
at the surface if no detectable tempering of 
the microstructure takes place. 

        
Weijie 
Kuang 
(2021).  

nickle 
based 
super 
alloy 

Thermal 
mechanica
l Fe model 

Wheel 
speed, 
depth of 
cut and 
feed rate 

Residual 
stresses. 

By using the new model, the average 
errors between the simulation and 
experiment of less than 16 % and 20 % for 
the grinding temperature and residual 
stress were obtained, respectively. 
Moreover, the grinding-induced residual 
stresses in the peak regions of the blade 
root workpiece were generally 
compressive (e.g., from  150 to  100 MPa 
along the vertical grinding direction 
crystal orientation of DD6 alloy), and 
from 200 to  150 MPa along the parallel 
grinding direction  crystal orientation of 
DD6 alloy), while they were transformed 
gradually to the tensile stresses in the 
adjacent valley regions. 

(Pawan 
Kumar,2
018) 

tools on 
EN24 
steel 

Response 
surface 
methodolo
gy 

Grinding 
wheel 
speed, 
table 
speed & 
Depth of 
cu 

surface 
roughness and 
material 
removal rate 

From the multi-response optimization, the 
optimal combination 3.  
of parameter settings are wheel speed of 
850RPM, Table speed  
of 15m/min and Depth of cut of 11.94µm 
for achieving the  
required maximum MRR and minimum 
surface roughness 
From the multi-response optimization, the 
optimal combination 3.  
of parameter settings are wheel speed of 
850RPM, Table speed  
of 15m/min and Depth of cut of 11.94µm 
for achieving the  
required maximum MRR and minimum 
surface roughness 
 

 

2.8 Research Gap  

The literature shows that process parameters such as cross feed, workpiece speed, wheel speed 

and depth of cut significantly affect the surface roughness, residual stress and production cost 

in the grinding process under different cutting conditions. Temperature, in turn, affects the 

finish of the workpiece and the life of the tool. To the best of the authors' knowledge, there is 
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no research on cylindrical grinding of AISI 440 steel to evaluate, compare and optimize 

contact temperature, residual stress and machining costs under dry and wet machining 

conditions. Again, the result obtained from the experiment and the result obtained from LS 

DYNA is not optimized, and the combination of RSM methodology and parameter 

optimization of the full factorial treatment is rare in the field. This study investigates the 

machinability of high carbon steel AISI 440. Carbon steel is alloyed with one or more alloying 

elements such as manganese, silicon, nickel, titanium, copper, chromium and aluminum to 

produce alloy steels.  

These metals are added to provide properties not seen in ordinary carbon steel. Excellent 

durability, ductility and wear resistance under quenched and tempered conditions are desirable 

properties of AISI 440. Therefore, it has many applications in the field of technology. 

Therefore, in this research, the researcher optimizes the surface roughness and residual stress 

by grinding the surface of AISI 440 steel using the response surface methodology. Based on 

the above literature survey and Table 2.1, it can be said that the optimization of cylindrical 

grinding process parameters of AISI 440 steel by the method based on combined surface 

methodology (RSM) and Ls Dyna simulation for dry state is rarely studied. . The novelty of 

this work therefore lies in the investigation of parametric grinding optimization with response 

surface methodology (RSM) simulation using AISI 440 steel cylindrical grinding ls dyna. This 

work tries to fill the gap in these studies. Therefore, this study aims to add a new contribution; 

 • Reduce problems associated with dry grinding AISI 440 steel with CNC cylinder grinding 

 • Give industrial and process engineers the freedom to choose optimal values according to the 

desired output. 
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CHAPTER THREE 

3. Materials and Methodology 

3.1 Introduction 

Investigational study was conducted to optimize cutting parameters in order to give best values 

of surface quality, and compressive residual stress simultaneously during cylindrical grinding 

of AISI 440 by using aluminium oxide wheel grinding. This chapter presents the details of the 

experimental procedures and property of material used for the study. 

3.2 Experiment Procedure 

In this research work experimental investigation was conducted according to research design 

prepared by using Response Surface Methodology. The general procedure of experimental 

investigation is presented in Fig.3.1 Input process parameters of the work piece material and 

cutting tool which are located and clamped into a corresponding tool holder. 
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Figure 3-1 Schematic diagrams of experimental procedures 

 

Cutting parameters 

Workpiece 
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Machine tool 
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3.3 Machine and Equipment 

This sub-topic describes the materials and machine tools used for the experimental 

investigation in the cylindrical grinding of AISI 440 steel under dry conditions. 

3.3.1 Work-piece Material 

The work-piece material employed for this experiment was AISI 440 Martensitic stainless 

steels have higher carbon and lower nickel. This type of steel is applied in construction of 

bearings, nozzles, aircrafts, and wear parts of pumps, mold inserts, and surgical tools and also 

used as knife blades.They can be hardened be conventional quenching and tempering like tool 

steels or higher carbon alloy steels. 410 can be machined as well as hot or cold formed, but the 

high carbon 440 grades can only be hot formed. Machining and cold forming are not viable 

options for 440 grades. AISI 440 used for grinding operations have diameter of 35mm and for 

each run 30 mm of length is allotted, machining was conducted at dry machining condition. 

The chemical compositions of AISI 440  was tested using spectrometry Figure 3.3 which is 

known as Oxford Instruments PMI-MASTER Smart the result is outlined in the following 

Table 3.1, and mechanical and physical properties of AISI 440 is given in Table 3.2 

 

Figure 3-2 work-piece of material used in grinding 
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Figure 3-3 spectroscopy used to identify chemical composition 

 Table 3-1 chemical composition of AISI 440C 

Contents  C Mn Si P S Cr Mo 

Weight 
% 

Min  0.95 - - - - 16 - 

 max 1.20 1 1 0.04 0.03 18 0.75 

 

Table 3-2  mechanical and physical properties of AISI 440c 

Tensile strength (Mpa) 1965 

Yield strength (Mpa) 1895 

Elongation in 50mm % 15 

Density (cm3)  7.8 

Young modules (Gpa) 200 

Ultimate tensile strength (Mpa) 760 

Hardness   HB(Mpa) 2700 

Rc 58-60 

 



  

 Page 31 
 

3.1.2 Cutting Tool Materials 

Grinding wheels are composed of thousands of small hard abrasive grains held together by a 

bonding material. Each abrasive grain has potential cutting edges. The main parameters used 

to describe a grinding wheel are the abrasive type, the abrasive grain size, the wheel hardness 

(grade), the wheel structure, and the bond type. These parameters define the wheel marking 

system. There are three types of abrasive wheel types such as; aluminum oxide which is 

mostly used for cutting steel, cubic boron nitride and diamond used for grinding harder steel 

and supper alloy and silicon carbide which is mostly used for grinding non-ferrous metal and 

cast iron. For this research grinding wheel in this experiment will alumina oxide vitrified. This 

grinding wheel (FE 38A100L5V) is uses in accordance with the machining circumstances and 

Manufacture’s exhortations. Grade: L, indicating medium, i.e., neither soft nor hard. 

 

 

 

      

 

Figure 3-4 Wheel Grinding used in Grinding 

3.3.3 Grinding Machine 

Grinding machines are also regarded as machine tools. The distinguishing feature of grinding 

machines is the rotating abrasive tool grinding machine is employed to obtain high accuracy 

along with very high class of surface finish on the workpiece. there is many types of grinding 

machines are there such as: surface grinding machine, cylindrical grinding machine, internal 

grinding machine, tool and cutter grinding machine however there is two major classification 

of grinding. Namely convectional and non-convectional grinding machine a convectional 

grinding machine requires the operator to control the motion of the cutting tool during the 

grinding operation. Non-convectional also called cnc machines. Typically come with 

computer-aided manufacturing (CAM) and computer-aided design (CAD) programs. These 

Al2O3 
wheel 

grinding 
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programs are essentially computer codes used to command cnc machine to perform certain 

tasks. a computer programmer writes and alters the code required to run various machining 

tasks.  

This experimental investigation was conducted on DCS_002Da CNC cylindrical grinding 

which have capacity to grind workpiece having maximum length of 320mm, 500RPM 7.5 Kw 

spindle motor. CNC cylindrical used for grinding process is shown on Figure 3.5 

 

Figure 3-5   DCS-002 Da CNC cylindrical grinding 

3.3.4 Surface Roughness Measurement 

Surface roughness was measured by surface contact profilometer roughness tester known as 

VOGEL Surface Roughness Tester with 65711 models which is digital surface roughness 

tester as shown in Figure 3.6 This surface roughness tester displays roughness value in micro 

meter (µm). The measuring range of VOGEL Surface Roughness Tester 65711 is 0.02µm to 

10µm. A stylus attached to the detector unit of tester will trace the minute irregularities of 

work-piece surface. The vertical stylus displacement during the trace is processed and digitally 

displayed on the liquid crystal display of instrument. 

 

 

Grinding wheel 

Workpiece 
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Figure 3-6 Surface Roughness Testing Equipment 

3.3.5 Measurement of workpiece Temperature 

In order to measure and analyze the relationship between cutting parameters, workpiece and 

temperature, an infrared thermometer was used to measure the temperature of the workpiece. 

The temperature of the cutting area was measured during the machining time of each step. The 

working principle of an infrared thermometer is that it measures the surface temperature of an 

object. The optics of the device detect the radiated, reflected and transmitted energy, which is 

collected and focused on a detector. The device's electronics convert the data into a 

temperature reading that is displayed on the device. In laser devices, the laser is used only for 

orientation. Holding the meter by the handle and pointing it at the surface to be measured. To 

start the meter, grab and hold the trigger and it will be tested. As you continue to press the 

trigger, the laser pointer focuses on the cutting area. Release the trigger and handle; A screen 

will appear on the LCD to indicate that the reading is being held. We can choose 0C and 0F as 

temperature units. An infrared thermometer used to measure temperature is shown in figure 

3.7 below; 
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Figure 3-7 Infrared Thermometer 

3.3.6 XRD  

There is no direct method available to measure stresses: they are calculated or derived from a 

measured quantity such as elastic strain or displacement. Residual Stress Measured by X-ray 

Diffraction. X-ray diffraction (XRD) is a well-established and accurate method to investigate 

the residual stress levels on the surface layers of crystalline materials. XRD measurement is 

useful for stress analysis when the following conditions are met: 

 Material must have a crystalline structure 

 Material should have small grains 

 Material elastic constant needs to be known 

Non-destructive measurement depth for steel and aluminium is few to tens of micrometers 

below the surface. The XRD machine used to calculate residual is XRD-700 X-RAY 

DIFFRACTOMETER (Shimadzu corporation ,japan).the detail for X-ray result basic data 

processing(BP) gives the most intensive peak information in terms of angular position (2 

thetha), interplanar spacing(d), intensity(l) and full width half maximum (FWHM). 

Step used while of calculating residual stress 
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                                          Figure 3-8 flow chart of residual stress 

 

Figure 3-9  XRD machine XRD-700 X-RAY diffraction 

3.4 Selection of Process Parameter 

In grinding operation, the important task is to select cutting parameters for achieving high 

finishing performance. For experimentation purpose, cutting parameters for given workpiece 

steel will be selected depending on knowledge found from the literature, according to the 

recommendations of tool manufacturer, manufacturer’s handbook recommended for the tested 

material, current industrial practice, and experience. The following table shows process 

parameters with material hardness used by different researchers. 

Braggs law (n=2dsin) 

d             
=d-d0/d0 
or/& 

=/tan 

X-ray diffraction (,2,) 

 Calculation of inter planar spacing (d) 

 

  

=E*

 
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Table 3-3 Process parameters selected by various researchers 

Researcher Material  Grinding 
wheel 

Process parameter Method  

Workpiece  
Speed   

Feed 
rate 
 
 

Depth 
of cut 
 
 

 

Taifa, I. W. R. et 
al. (2019).  

 EN45 steel Aluminum 
oxide 

 270 0.02 0.025 Taguchi 
method 

Sallem& Hamdi, 
(2015) 

High alloy speed 
steel 

CBN 600 0.03 0.08 FEM 

Trauth, D., & 
Bergs,et al. 
(2018) 

AISI 52100 CBN 700 0.25 0.04 FEM 

Deshpande, V., 
& Taifa, et al. 
(2019) 

EN45 Aluminum 
oxide 

270 0.1 0.025 Taguchi  

Do DucTrung,.et 
al. (2020) 

AISI 4140 Aluminum 
oxide 

550 0.20 0.08 RSM 

Shen, (2020) AISI 440 Aluminum 
oxide 

400 0.12 0.04 RSM 

Rabiey, 
Mohammad; 
(2020). 

AISI 4118 Aluminum 
oxide 

850 0.085 0.6 Taguchi 

 

Considering all above-mentioned factors, the following cutting parameter was employed for an 

experiment. The selected cutting parameters were shown in Table 3. 4. 

Table 3-4 Levels of parameters and their range used for an experiment 

Variable Levels 

Level   I Level   II Level   III 

Workpiece Speed (Vw) Rpm 550 850 1100 

Feed rate (f) mm/min 0.075 0.095 0.12 

Depth Of Cutting (D) mm 0.02 0.03 0.04 
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3.5 Research Methodology 

Response surface Methodology was used to prepare design matrix and regression models. The 

steps involved in RSM techniques are as follows: 

Designing a set of experiments for adequate and reliable measurement of the true mean 

response of interest 

Following the performed experimental investigations, statistical processing, i.e. regression 

modeling, was developed for obtained results. 

After obtaining regression equations, transformation and reduction were performed in order to 

obtain models with a high coefficient of determination to predict the measured responses 

(output process parameters) residual stress and surface roughness (Ra). 

Analysis of variance (ANOVA) was performed, as well as diagnostics and adequacy checking 
of regression models. 

                       

Figure 3-10 Flowchart of RSM 

Expressing output response as a function of input 
variables with the aid of 

Plotting the contour plot and surface plot to 
demonstrate 

Testing the adequacy of the developed model with 
ANOVA 

Finding the optimum range of input parameters 
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3.6 Design of Experiment 

The design of experiments (DoE) technique is a very powerful tool, which permits us to carry 

out the modeling and analysis of the influence of process variables on the response variables. 

The response variable is an unknown function of the process variables, which are known as 

design factors or independent variables. In a grinding operation, there are many factors that 

can be considered as the machining parameters. But, the review of literature shows that the 

depth of cut (d, mm), workpiece speed (V, rpm) and feed rate (f mm/min) are the most 

widespread machining parameters taken by the researchers. In this research study these were 

selected as design factors while other parameters have been assumed to be constant over the 

experimental domain. These designs are rotatable (or near rotatable) and require 3 levels of 

each factor.  

Experiments have been carried out according to the experimental plan based on full factorial. 

Experimental design matrix consisting of experiment run order and coded values of the process 

parameters is shown in Table 3.5. 

Table 3-5 Design Matrix  

Run Workpiece speed 
(Vw)(Rpm) 

Feed rate 
(f)(mm/min) 

Depth of cutting 
(d)(mm) 

1 550 0.075 0.02 
2 550 0.095 0.03 
3 550 0.12 0.04 
4 850 0.075 0.03 
5 850 0.095 0.04 
6 850 0.12 0.02 
7 1100 0.075 0.04 
8 1100 0.095 0.03 
9 1100 0.12 0.02 

3.6.1 Analysis of variance (ANOVA) 

The purpose of the analysis of variance (ANOVA) was to find out which parameters 

significantly influence the quality characteristic. ANOVA is a statistical method used to find 

out the effect of all control parameters. Analysis of variance used the percentage of each 

control factor to measure the respective effects on performance characteristics. This analysis 

considered a 5% significance level, ie. 95% confidence level. ANOVA results indicate 
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whether or not differences in outcome measures are statistically significant. ANOVA analysis 

includes when values below 0.05 are significant and values above 0.05 are not significant. The 

percentage measures the percentage of each model member of the total sum of squares. A 

percentage is often a rough but effective guide to the relative importance of each model term.  

The percentage of each influencing parameter was calculated based on analysis of variance. 

Each term used in the ANOVA table has been explained here Block: The block row shows 

how many response variations are assigned to the blocks. The block variation is removed from 

the analysis. Blocks are not tested (no F- or p-value) because they are considered an 

irreproducible and difficult to modify factor. Model: The model line shows how much 

variation in the response is explained by the model, along with the overall model significance 

test.  

Terms: The model is divided into individual terms and tested independently. Residual: The 

residual row shows how much variation in the response is still unexplained.  

Cor Total: This row shows the amount of variation around the mean of the observations.  

Sum of Squares: The sum of the squared differences between the overall mean and the 

amount of variation explained by its line source.  

df: degrees of freedom: the number of estimated parameters used to calculate the original sum 

of squares. Root Mean Square: Sum of squares divided by degrees of freedom. Also called 

dispersion.  

F-value: A test to compare the baseline mean square with the residual mean square. 

Probability > F: (p-value) The probability of seeing an observed F-value if the null hypothesis 

is true (no factor effects). Small probability values require rejection of the null hypothesis. 

 The probability is equal to the integral under the curve of the F-distribution beyond the 

observed F-value. ie, if the Prob>F value is very small (by default below 0.05), the source 

tested significant results. Important model terms are likely to have a real effect on the answer. 

A significant lack of fit indicates that the model does not fit the observed replication data. 
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 Mean: sum of squares for average effect. The "df" column gives the degrees of freedom for 

each source. In response surface methodology, the total number of degrees of freedom is equal 

to the number of model coefficients added row by row. 

 Mixture model: Let q be the number of components in the mixture. The degrees of freedom 

for the linear terms in the mixed model are (q-1), not q, because the sums of squares are mean-

corrected. 

3.6.2 Response Surface Methodology 

In Response Surface Methodology, regression analysis is used to identify relationships 

between responses and variables based on test responses to create a mathematical model that 

satisfies the relationship between a group of test factors and objective functions. This model is 

then used to investigate the optimal solution in the test region. Response surface methodology 

(RSM) is a set of mathematical and statistical techniques for building empirical models. 

Through careful design of experiments, the goal is to optimize a response (output variable) 

that is affected by a number of independent variables (input variables). An experiment is a 

series of tests, called runs, in which input variables are varied to identify the causes of changes 

in the output response. Response surface modeling techniques were originally developed to 

analyze experimental data and generate empirical models from observed response values. A 

particular strength of RSM is its suitability for studies with few observations, as physical 

examination is both very expensive and very time-consuming.  

The main steps of Response Surface Methodology are  

1. Determination of coating factors affecting surface roughness, Metal removal.  

2. Developing an experimental design matrix, conducting experiments according to the above 

design matrix.  

3. Development of a mathematical model.  

4. Determining the standard coefficients of the developed model.  

5. Testing significance of coefficients. 

 6. Test of appropriateness of the developed model with analysis of variance (ANOVA). 



  

 Page 41 
 

3.6.3 Model Prepared For Numerical Simulations  

The dimensios and part name of the external cyliderical grinding system set ups are shown 

with table below and the model has been prepared. 

Table 3-6 LS Dyna set ups 

Sn  Names Of Model Parts Dimension(mm)  
1 Workpieces ∅35X30 
2 Bearings ∅250X34 
3 Workpieces mounting ∅35X30 
4 Grinding wheel ∅250X50 
 

 

Figure 3-11 2D element model 

3.6.4 Grid Convergec idex analysis  

In order to minimize the numerical results error the final grid test that used on all aalysis of 

case studys are displayed with figure below. Fine meshed element model. 

                          

 

Figure 3-12  3D Element model 
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CHAPTER FOUR 

4. RESULTS AND DISCUSSIONS 

4.1 Introduction 

Experimental work was conducted to evaluate the effect of grinding process parameter (work 

piece speed, feed rate, and depth of cut) on the surface roughness, material removal rate and 

residual stress by using aluminum oxide wheel. The experiment was carried out on DCS-002-

Da cylindrical grinding Machine. Nine experiments were performed to identify the optimum 

condition. During and after machining operation, measurements were taken for each of the end 

responses, statistical analysis was made to get the optimum parameters according to the 

requirements and the main effects were identified. The values of responses that are conducted 

by full factorial design of experiments were analyzed using ANOVA. Statistical work was 

performed using Design Expert Version 13. 

 

The results of each experiment were discussed in this chapter. The experiment was conducted 

in a controlled environment to minimize errors. The design of the experiment was used to 

identify the optimum cutting parameters and to identify the most influential parameters. Data 

analysis and regression model developing in Analysis of Variance was conducted on design 

expert version 13. This section presented the details of the result and discussion used for the 

study.  

4.1.1 Result Values Obtained from Cylindrical Grinding Experiment 

Data collection plays a significant role in the statistical analysis of any field, as it decides the 

progression of the analysis to the best or worst. A proper and suitable data collection leads to 

better results from the analysis. In such a focus, it is very much essential to choose a well 

suitable data collection technique for the analysis. The results values for each experiment in 

the grinding of stainless-steel 440 in Table 4-1. 
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Table 4-1 Experimental Results 

 
Factor 1 Factor 2 Factor 3 Response  Response  

Run A:workpiece speed B:Feed Rate C:depth of cutting Temperature  Ra 

 
Rpm mm/sec Mm  C0 µm 

1 550 1.25 0.02 47.20 0.4707 

2 550 1.5833 0.03 45.592 0.4288 

3 550 2 0.04 50.598 0.3441 

4 850 1.25 0.02 58.118 0.4821 

5 850 1.5833 0.04 63.52 0.4399 

6 850 2 0.03 57.796 0.3555 

7 1100 1.25 0.04 56.541 0.5049 

8 1100 1.5833 0.03 58.86 0.4627 

9 1100 2 0.02 60.929  0.3783 

4.2 Surface roughness analysis and discussion  

4.2.1 Statistical Analysis 

4.2.1.1 Fit Summary 

Fit Summary is program tool that helped to start regression calculation in order to fit all the 

polynomial models to the selected response. The program calculated the effects, for all model 

terms and produced statistics such as p-values, Predicted and adjusted R-squared values for 

comparing the models. This tool collected the important statistics used to select the correct 

starting point for the final model fitting and suggested model.  

For table 4.3 the fit summary table linear model were selected in order to express the 

relationship between dependent variable (surface roughness) and independent variables (work-

piece speed, feed rate and depth of cut) but quadratic model were considered us aliased since 

white comb score where lower when compared to 2FI and linear model.  
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Figure 4-1 Fit summary 

Source Sequential p-value Lack of Fit p-value Adjusted R² Predicted R² 
 

Linear < 0.0001 
 

0.9936 0.9873 Suggested 

2FI 0.9370 
 

0.9866 0.9173 
 

Quadratic 
    

Aliased 

 

From, Table 4-3 and Table 4-4 indicated linear vs mean model was suggested while 2FI and quadratic 

model was aliased i.e., it is the highest order model that explains significantly more of the variation in 

the response (p-value small), insignificant lack of fit (p-value > 0.10) and reasonable agreement 

between Adjusted R-squared and Predicted R-squared (within 0.2 of each other). The predicted R-

squared for the selected case having (0.9960) which was the higher from other models this indicates 

how well a regression model predicts responses for new observations. This statistic helps us to 

determine when the model fits the original data but is less capable of providing valid predictions for 

new observation. 

Table 4-2 Sequential Model Sum of Squares 

Source Sum of Squares df Mean Square F-value p-value 
 

Mean vs Total 1.66 1 1.66 
   

Linear vs Mean 0.0266 3 0.0089 417.82 < 0.0001 Suggested 

2FI vs Linear 0.0000 3 5.612E-06 0.1255 0.9370 
 

Quadratic vs 2FI 0.0001 2 0.0000 
  

Aliased 

Residual 0.0000 0 
    

Total 1.69 9 0.1876 
   

Table 4-3 Model summary statistics 

 

Source Std. Dev. R² Adjusted R² Predicted R² PRESS 
 

Linear 0.0046 0.9960 0.9936 0.9873 0.0003 Suggested 

2FI 0.0067 0.9967 0.9866 0.9173 0.0022 
 

Quadratic 
    

* Aliased 
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4.2.1.2 Analysis of Variance for Surface Roughness 

The ANOVA is where the descriptive statistics and statistical tests are presented. In general, 

look for low p-values to identify important terms in the model. From the Analysis of Variance 

for surface roughness in Table 4-5 The Model F-value of 417.82 implies the model is 

significant. There is only a 0.01% chance that an F-value this large could occur due to noise. 

P-values less than 0.0500 indicate model terms are significant. In this case A, B is significant 

model terms. Values greater than 0.1000 indicate the model terms are not significant. If there 

are many insignificant model terms (not counting those required to support hierarchy), model 

reduction may improve your model. The Predicted R² of 0.9873 is in reasonable agreement 

with the Adjusted R² of 0.9936; i.e. the difference is less than 0.2. Adeq Precision measures 

the signal to noise ratio. A ratio greater than 4 is desirable. The ratio of 52.125 indicates an 

adequate signal. This model can be used to navigate the design space. From ANOVA table 

two input parameters namely feed rate and work piece speed have a significant effect on 

surface roughness with contribution percentage of 73.13% and 5.59% respectively, but the 

third input parameter depth of cut were not significant on surface roughness.Since the model 

term was linear for prediction purpose, no interaction terms were not considered. 

Table 4-4 Analysis of Variance for Surface Roughness 

Source 
Sum of 
Squares 

df 
Mean 

Square 
F-

value 
p-

value  
%contribution 

Model 0.0266 3 0.0089 417.82 
< 

0.0001 
significant 

 

A-workpiece 
speed 

0.0015 1 0.0015 68.86 0.0004 
 

5.59% 

B-Feed Rate 0.0196 1 0.0196 920.43 
< 

0.0001  
73.13% 

C-depth of cut 6.269E-08 1 6.269E-08 0.0029 0.9588 
 

 

Residual 0.0001 5 0.0000 
   

 

Cor Total 0.0268 8 
    

 

 

Table 4-5 Fit statistics 
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Std. Dev. 0.0046 
 
R² 0.9960 

Mean 0.4297 
 
Adjusted R² 0.9936 

C.V. % 1.07 
 
Predicted R² 0.9873 

   
Adeq Precision 52.1254 

 

4.2.2 Regression Model for Surface Roughness 

This model used to determine the statistical relationship between cylindrical grinding input 

parameters and surface roughness. The change process parameters associated with the change 

in the     surface roughness was ascertained by using this model. 

Regression Equation  

Ra =  0.4221+0.0168 A - 0.0633 B + 0.0001C 

The equation in terms of actual factors can be used to make predictions about the response 

for given levels of each factor. Here, the levels should be specified in the original units for 

each factor. This equation should not be used to determine the relative impact of each 

factor because the coefficients are scaled to accommodate the units of each factor and the 

intercept is not at the center of the design space.  

4.2.2.1 Parametric Influence on Surface Roughness 

The graph of Normal Probability plot versus internally residual on figure below a showed 

that the residuals follow a normal distribution, thus follow straight line. And the graph of 

Residuals vs. Predicted on figure 4.2 b which is a plot of the residuals versus the ascending 

predicted response values used to tests assumption of constant variance and the plot showed a 

random scatter or constant range of residuals across the graph that indicates there is no need 

for a transformation. So, the model is suitable to conduct analysis on effect of individual 

parameters on surface roughness. 
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(a) (b) 

Figure 4-2 (a) Normal plot of residuals      (b) Residuals vs. Predicted 

4.2.2.1 Effect of Feed Rate and work piece speed on Surface Roughness 

Effect of feed rate on surface roughness is shown on Figure 4.3; it was observed that as feed 

have significant effects on surface roughness with the increase the work piece speed values. 

The  best surface quality is achieved at smallest feed rate of 1.25 mm/s and worst surface 

quality is found at highest feed rate which is 2mm/s. It was observed from study and from 

ANOVA feed rate is significant factor affecting surface roughness. ANOVA was employed to 

recognize the level of significance of the machining parameters on the performance 

characteristics of surface roughness (SR). They found that feed rate was the most affecting 

parameter on surface roughness followed by work piece speed. Figure 4-3 shows 3D Surface 

projection of the contour plot graph for Interaction effects of feed rate and work piece speed. 

Regarding the effect of cutting speed on surface roughness, the latter decreased with higher 

values of cutting speed   Huang et al. (2015). The main reason for this can be that at higher 

cutting speeds the temperature increases because the material removal is more violent, 

producing the phenomenon of softening that improves the cutting process and thus diminishes 
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superficial roughness Zhou et al. (2017). Moreover, when the grinding  is performed at a low 

speed, a subsurface material fracture occurs, which contributes to increasing surface 

roughness; by increasing the cutting speed this effect disappears Wang, Sun, et al. (2017). 

Surface roughness increased when depth of cut (d) and feed rate (f) increase, while decreases 

with higher cutting speeds (Vc). Furthermore, cutting speed contributes 65.59%, feed rate 

73.13% and depth of cut 0.52 % to surface roughness.  

 

 

Figure 4-3 Contour Plot of Ra vs. feed rate and work-piece speed 

 

Figure 4-4  Surface Plot of Ra vs feed rate, work-piece speed 
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4.3 Response Optimization: Ra 

Optimization process was carried on the Design expert version 13. After the grinding of 

stainless steel 440C using cylindrical grinding, optimization of input parameters were carried 

out in order to get optimum combined value of surface roughness. Here in this study surface 

roughness was minimization problem in below optimizations of Ra using response surface 

methodology. The goal of optimization of the response was minimization problem. The target 

value 0.3441 and upper value where 0.5049 weight 1 and importance 1 from the given input 

parameters. By carrying out response optimization process from response surface 

methodology there observed that Ra of 0.343285µm when the material grinded at 550Rpm, 

2mm/min and depth of cut was 0.02mm. 

 

Figure 4-5 Optimization Graph 
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Figure 4-6 Residual and Main effect Plot 
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4.4 Development of Mathematical Model for Grinding Process Parameters of 

Ra 

Regression analysis combines mathematical and statistical techniques for empirical model 

building. A model of the response to certain independent input variables can be obtained by 

conducting experiments and applying regression analysis, The mathematical models 

commonly 

used are represented by, 

Y = Φ (Vw, f and d) ± er, 

Where Y is the grinding responses, Φ is the response function and Vw, f and d are 

machining independent variables and er are the error. It also confirms that this model provides 

an excellent explanation of the relationship between the Independent factors and the responses. 

The second order response surface representing the surface roughness can be expressed as a 

function of machining parameters Vw, f and d The relationship between the response and 

machining 

parameters has been expressed based on equation  as follows 

Ra =  0.4221+0.0168 A - 0.0633 B + 0.0001C 

Table 4-6 Coefficients in Terms of Coded Factors for Ra 

Factor 
Coefficient 

Estimate 
df 

Standard 

Error 

95% CI 

Low 

95% CI 

High 
VIF 

Intercept 0.1118 1 0.1465 -0.2648 0.4884 
 

A-workpiece 

speed 
0.0168 1 0.0040 0.0067 0.0270 1.0000 

B-Feed Rate -0.2568 1 0.0160 -0.2978 -0.2157 1.02 

C-depth of cut 0.0495 1 0.0800 -0.1562 0.2552 1.02 

The coefficient estimate represents the expected change in response per unit change in factor 

value when all remaining factors are held constant. The intercept in an orthogonal design is the 

overall average response of all the runs. The coefficients are adjustments around that average 



  

 Page 52 
 

based on the factor settings. When the factors are orthogonal the VIFs are 1; VIFs greater than 

1 indicate multi-colinearity, the higher the VIF the more severe the correlation of factors. As a 

rough rule, VIFs less than 10 are tolerable. 

Final Equation in Terms of Coded Factors for Ra 

Ra = +0.1118 +0.0168A – 0.2568B + 0.0495C                                             Equation 4-1 

The equation in terms of coded factors can be used to make predictions about the response for 

given levels of each factor. By default, the high levels of the factors are coded as +1 and the 

low levels are coded as -1. The coded equation is useful for identifying the relative impact of 

the factors by comparing the factor coefficients. 

Final Equation in Terms of Actual Factors 

Ra = 0.647012 + 0.064 V- 0.171168f + 0.0247506d                                        Equation 4-2 

The equation in terms of actual factors can be used to make predictions about the response for 

given levels of each factor. Here, the levels should be specified in the original units for each 

factor. This equation should not be used to determine the relative impact of each factor 

because the coefficients are scaled to accommodate the units of each factor and the intercept is 

not at the center of the design space. 

4.5 Simulation Result From Ls-Dyna 

CASE I 

Input parameter Level I Level II LEVEL III 
workpiece 
speed(Rpm) 

550 550 550 

Feedrate(mm/s) 0.00125 0.00158 0.002 
Depth of cut (mm) 0.02 0.03 0.04 
 

I. Temprature Result 

The temprature results obtained from cylindarical grinding simulations are shown in the 

following figure below. the first level of temprature results according to the input parametrs, 

speed of workpiece, depth of cut and feed rate of workpiece is maximum 28.598oc. The 

second level maximum over time is 27.592 oc maximum over time is 27.202 oc. The result plot 
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shows that the maximums temperature is obtained at the first level of work pieces speed 

550rpm , feeding rate 0.00125 mm/s and Depth of cut 0.02mm. Supplementary the result 

shows that, at this 550rpm, when the workpiece increases in the value of both feedrate and 

depth of cut , the result of temperature of the surface slightly decreased. The figure of contour 

used to tell results temperature at three levels. 

 

 

 

II. Deformation Result 

The deformation results obtained from cylindarical grinding simulations are shown in the 

following figure below of temprature results according to the input parametrs, speed of 

workpiece , deepth of cut and feed rate of workpiece is maximum 34.671 mm. The second 

level maximum over time is 33.52 mm maximum over time is 32.558 mm. The result plot 

shows that the maximums total deformation is obtained at the first level of work pieces speed 

550rpm , feeding rate 0.00125 mm/s and Depth of cut 0.02mm. Supplementary the result 

shows that, at this 550rpm, when the workpiece increases in the value of both feedrate and 

depth of cut , the result of total deformation of the surface slightly decreased. The figure of 

contour used to tell results of total deformation. 
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III. Equivalent Stress 

The equivalent stress results obtained from cylindarical grinding simulations are shown in the 

following figure below of equivalent stress results according to the input parametrs, speed of 

workpiece , deepth of cut and feed rate of workpiece is maximum 1104 Mpa. The second level 

maximum over time is 578.13 Mpa maximum over time is 520 Mpa. The result plot shows 

that the maximums temperature is obtained at the first level of work pieces speed 550rpm , 

feeding rate 0.00125 mm/s and Depth of cut 0.02mm. Supplementary the result shows that, at 

this 550rpm, when the workpiece increases in the value of both feedrate and depth of cut , the 

result of equivalent of the surface slightly decreased. The figure of contour used to tell results 

of equivalent stress. 
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CASE II 

Input parameter Level I Level II LEVEL III 
workpiece 
speed(Rpm) 

850 850 850 

Feedrate(mm/s) 0.00125 0.00158 0.002 
Depth of cut (mm) 0.03 0.04 0.02 
 

I. Temprature Result 

The temprature results obtained from cylindarical grinding simulations are shown in the 

following figure below, of temprature results according to the input parametrs, speed of 

workpiece , deepth of cut and feed rate of workpiece is maximum 26.54oc. The second level 

maximum over time is 27.796 oc maximum over time is 28.118oc. The result plot shows that 

the maximums temperature is obtained at the third level of work pieces speed 850rpm , 

feeding rate 0.002 mm/s and Depth of cut 0.02mm. Supplementary the result shows that, at 

this 850rpm, when the workpiece increases in the value of depth of cut and in minimum of 

feedrate, the result of temperature of the surface slightly decreased. The figure of contour used 

to tell their results. 

 

II. Deformation Result 

The deformation results obtained from cylindarical grinding simulations are shown in the 

following figure below, of deformation results according to the input parametrs, speed of 

workpiece , deepth of cut and feed rate of workpiece is maximum 40.86 mm. The second level 

maximum over time is 38.115 mm and maximum over time is 35.926 mm. The result plote 

shows that the maximums total deformation is obtained at the first level of work pieces speed 

850rpm , feeding rate 0.00125 mm/s and Depth of cut 0.03mm. Supplementary the result 

shows that, at this 850rpm, when the workpiece increace in the value of both feedrate and 
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depth of cut , the result of total deformation of the surface slightly decreased. The figure of 

contour used to tell their results. 

 

 

III. Equivalent Stress 

The equivalent stress results obtained from cylindarical grinding simulations are shown in the 

following figure below of equivalent stress results according to the input parametrs, speed of 

workpiece , deepth of cut and feed rate of workpiece is maximum 1020.1 Mpa. The second 

level maximum over time is 572.05 Mpa maximum over time is 494.72 Mpa. The result plot 

shows that the maximums equivalent stress is obtained at the first level of work pieces speed 

850rpm , feeding rate 0.00125 mm/s and Depth of cut 0.03mm. Supplementary the result 

shows that, at this 850rpm, when the workpiece increase in the value of both feedrate and 

depth of cut , the result of equivalent stress of the surface slightly decreased. The figure of 

contour used to tell their results. 
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I. Temprature Result 

The temprature results obtained from cylindarical grinding simulations were shown in the 

following of temprature results according to the input parametrs, speed of workpiece , deepth 

of cut and feed rate of workpiece is maximum 23.929oc. The second level maximum over time 

is 28.865 oc maximum over time is 33.473 oc. The result plot shows that the maximums 

temperature is  obtained at the third level of work pieces speed 1100rpm , feeding rate 0.002 

mm/s and Depth of cut 0.03mm. Supplementary the result shows that, at this 1100 Rpm, when 

the workpiece increases in the value of both feedrate and depth of cut , the result of 

temperature of the surface slightly increase. The figure of contour used to tell their results. 

 

 

II. Deformation Result 

The total deformation results obtained from cylindarical grinding simulations are shown in the 

following of total deformation results according to the input parametrs, speed of workpiece , 

deepth of cut and feed rate of workpiece is maximum 44.44 mm. The second level or figure 2a 

maximum over time is 41.475 mm maximum over time is 38.633 mm. The result plot shows 

that the maximums total deformation is obtained at the first level of work pieces speed 1100 

rpm , feeding rate 0.00125 mm/s and Depth of cut 0.04mm. Supplementary the result shows 

that, at this 1100 rpm, when the workpiece increases in the value of both feedrate and depth of 

cut , the result of total deformation of the surface slightly decreased. The figure of contour 

used to tell their results. 
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III. Equivalent Stress 

The equivalent stress results obtained from cylindarical grinding simulations are shown in the 

following figure below of equivalent stress results according to the input parametrs, speed of 

workpiece , deepth of cut and feed rate of workpiece was maximum 1235.6 Mpa The second 

level maximum over time is 573.17 Mpa maximum over time is 478 Mpa. The result plot 

shows that the maximums equivalent stress is obtained at the first level of work pieces speed 

1100rpm , feeding rate 0.00125 mm/s and Depth of cut 0.04mm. Supplementary the result 

shows that, at this 1100rpm, when the workpiece increases in the value of feedrate and 

decreace of depth of cut , the result of equivalent stress of the surface slightly decreased. The 

figure of contour used to tell their results. 
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4.5.3 Response Optimization; From LS DYNA Results  

By using design expert version 13 optimization of LS Dyna software results were carried out 

in order to know the best combination of input parameters to produce fine surface roughness 

of the grinded parts. This optimization was carried out both in numerical and graphical 

methods based on the goal of the optimization. The output parameters under study were 

temperature, range deformation, Von-misses stress and equivalent energy (absorbed energy) 

and the input parameter for simulation were work piece speed, depth of cut and feed rate.  

Case I: Optimization of temperature  

Target minimization 

Optimum value 47.55030C at combination of the grinding parameters were at work piece 

speed of 550.01Rpm, feed rate off  0.012004 mm/min and depth of cut were at 0.0399856mm. 

 

Figure 4-7 Prediction of Temperature 
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Case II: Optimization of range deformation  

Target minimization  

Optimum value were 6.40611 mm at combination of grinding parameters were at work piece 

speed (Rpm) = 550.126Rpm, feed rate = 0.06846mm/min and depth of cut were at 0.02mm. 

 

Figure 4-8 prediction of Range Deformation 

Case III. Optimization of Equivalent Stress 

Target in range   

Optimum value were 1068.58 Mpa at combination of grinding parameters were at work piece 

speed (Rpm) = 550.001Rpm, feed rate = 0.1125mm/min and depth of cut were at 0.0397mm. 

 

Figure 4-9 Prediction of Equivalent Stress 
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Case IV. Optimization of Absorbed Energy 

Target in range   

Optimum value were 11.4301 J at combination of grinding parameters were at work piece 

speed (Rpm) = 550 Rpm, feed rate = 0.0684mm/min and depth of cut were at 0.02mm. 

 

Figure 4-10 Prediction of Absorbed Energy 

4.6 Measuring Of Residual Stress Using XRD 

There are many methods used for measuring of residual stress. Some of them are listed below  

1. Ultrasonic barkhausen eddy current which results only qualitative results 

2. Neutron diffraction (sectioning) cannot measure surface residual stress. 

3. Hole drilling destructive in nature which cannot quantify high stress levels. 

4. X-ray diffraction non-destructive measuring stress level accurately and quantitative 

results can be obtained and residual at surface and sub-surface  

Inter-planer distance (d-spacing) 

n=2dsin 

Where n=integer multiple of wavelength 

            =wavelength of x-ray 

d=distance between the plane in the crystalline  
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=angle where constructive integer occur 

D-spacing & hkl (crystalline planes) 

Miller index number 

h=1/x ,   k=1/y   &  l=1/z are intercept 

Data observed from XRD 

It was confirmed from the ICDD data which corresponds with the Iron Nickel 00-037-0474 

The kamacite phase is a mineral that occurs in iron-nickel meteorites and is composed of an 

alloy of iron and nickel. The crystal structure of kamacite is body-centered cubic (BCC), and 

its lattice parameters are a = 0.2866 nm and alpha = 90 degrees. The typical Miller indices for 

the kamacite phase are (110), (200), (211), (220), (310), (222), (321), and (400). These Miller 

indices correspond to the planes of atoms in the crystal lattice that are most commonly 

observed in X-ray diffraction patterns of kamacite. 

The kamacite phase is a mineral that occurs in iron-nickel meteorites and is composed of an 

alloy of iron and nickel. The crystal structure of kamacite is body-centered cubic (BCC), and 

its lattice parameters are a = 0.2866 nm and alpha = 90 degrees. The typical Miller indices for 

the kamacite phase are (110) [card no. 04-0836], (200) [card no. 04-0837], (211) [card no. 04-

0838], (220) [card no. 04-0839], (310) [card no. 04-0840], (222) [card no. 04-0841], (321) 

[card no. 04-0842], and (400) [card no. 04-0843]. These Miller indices correspond to the 

planes of atoms in the crystal lattice that are most commonly observed in X-ray diffraction 

patterns of kamacite. 

Tetrataenite: a nickel-rich iron-nickel alloy with a cubic crystal structure. Its Miller indices are 

(111), (200), (220), (311), (222), (400), (331), and (420). 

Plessite: a mixture of kamacite and taenite that forms lamellar structures. Its Miller indices are 

the same as those for kamacite and taenite. 

Troilite: an iron sulfide mineral that is often associated with iron-nickel meteorites. Its crystal 

structure is orthorhombic and its Miller indices are (100), (010), and (001). 
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Schreibersite: a phosphide mineral that is also commonly found in iron-nickel meteorites. Its 

crystal structure is hexagonal and its Miller indices are (100), (010), (001), (101), (110), and 

(012). 

 

Figure 4-11 Intensity vs 2 Theta 
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From XRD result for three samples which where grinded at different work-piece speed and 

constant value of feed rate and depth of cut where presented us follow.  

Sample 

Number  

Grinding parameters  Phase type  Lattice 

parameter(a)nm 

Miller 

index 

(hkl) 

1  Work-piece speed = 550 Rpm 

Feed Rate = 0.12 mm/min 

Depth of cut = 0.04 mm 

Kamacite  0.2866 h=1 

k=1 

l=0 

2 Work-piece speed = 850 Rpm 

Feed Rate = 0.12 mm/min 

Depth of cut = 0.04 mm 

Taenite  0.3561 h= 2 

k= 2 

l= 0 

3 Work-piece speed = 1100 

Rpm 

Feed Rate = 0.12 mm/min 

Depth of cut = 0.04 mm 

tetrataenite 0.3465 h=2 

k=0 

l=0 

 

2 Thetha Thetha 

d-spacing 

(n=2dsin)  

1 (psi) 2(rad) 

65.04809 32.524045 0.4141545 0.43048 0.18281 0.0075 

82.33937 41.169685 0.5070818 0.88817 0.37717 0.01 

44.73741 22.368705 0.2931495 0.844 0.35841 0.01472 

50.81196 25.40598 0.3304814 0.61048 0.25925 0.01065 
 

Calculation of micro strain  

1= (
ଵ

୲ୟ୬ଵ
)     

଴.଴଴଻ହ

୲ୟ୬(ଷଶ.ହଶସ଴ସହ)
  =0.003740 

2= (
ଶ

୲ୟ୬ଶ
)     

଴.଴ଵ

୲ୟ୬(ସଵ.ଵ଺ଽ଺଼ହ)
  =0.02929 

3= (
ଷ

୲ୟ୬ଷ
)    

଴.଴ଵସ଻ଶ

୲ୟ୬(ଶଶ.ଷ଺଼଻଴ହ) 
  =0.037117 
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4= (
ସ

୲ୟ୬ସ
)    

଴.଴ଵ଴଺ହ

୲ୟ୬ (ଶହ.ସ଴ହଽ଼)
 =0.03800 

Calculation of residual stress using hooks law 

1=1*E           0.003740*20*109=    74.8*106 Mpa 

2=2*E         0.02929*20*109=     585.8*106 Mpa 

3=3*E        0.037117 *20*109=   742.34*106 Mpa 

4=4*E         0.03800*20*109=      760*106 Mpa 

 

Figure 4-12 Residual Stress vs Micro strain 
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CHAPTER FIVE 

5. Conclusion and Recommendation 

5.1 Conclusion 

Stainless steel AISI 440c was grinded with aluminum oxide in dry environment. The optimal 

design ranges of cutting conditions and effect of cutting parameters on output responses were 

identified based on statistical analysis and graphical interpretations by using design expert 13. 

The results indicated that cutting parameters influence surface roughness, residual stress and 

simulation result from LS-DYNA. 

For Ra based on Whitcomb score model selected to analysis surface roughness where Linear 

model. 

 Predicted R2 and Adjusted R2 value was 0.9873 and 0.9936 respectively. 

 F-value was 417.82 shows model is significant. 

 Work piece speed and feed rate terms are having a significant factor on surface 

roughness. 

 Work piece speed and feed rate having a contribution percentage of 5.59% and 

73.13 % respectively. 

 From RSM optimization  

Ra = 0.343285 µm at Vw = 550 Rpm, 0.12 mm/min and 0.02mm 

Optimization of result Obtained from LS-DYNA simulation 

 Temperature  

Optimum value 47.5503c0 at combination of the grinding parameters were at work 

piece speed (Rpm) = 550.01Rpm, feed rate = 0.012004 mm/min and depth of cut were 

at 0.0399856mm. 

 Range deformation  

Optimum value were 6.40611 mm at combination of grinding parameters were at work 

piece speed (Rpm) = 550.126Rpm, feed rate = 0.06846mm/min and depth of cut were 

at 0.02mm. 
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 Equivalent Stress 

Optimum value were 1068.58 Mpa at combination of grinding parameters were at 

work piece speed (Rpm) = 550.001Rpm, feed rate = 0.1125mm/min and depth of cut 

were at 0.0397mm. 

 Absorbed Energy 

Optimum value were 11.4301 J at combination of grinding parameters were at work 

piece speed (Rpm) = 550 Rpm, feed rate = 0.0684mm/min and depth of cut were at 

0.02mm. 

From XRD Result 

 Kamacite phase, taenite and tetraenite phase was obtained. 

 D-spacing calculated by using data from XRD on origin software. 

 Micro-strain was calculated 

 Residual stress was calculated based on hooks law. 

5.2 Recommendation 

By adopting the analysis made in this thesis, this research can be extended with increased 

number of Experiments and different types of wheel  materials with increased levels for 

obtaining comparatively better results.  

■ This research can be extended for increased numbers of experiments for better analysis 

and conducting much XRD characterization in order to get different phase changes to 

obtain comparable value of residual stress. 

■ This research can be extended to study more about types of grinding forces applied, 

MQL (minimum quality liquid) and types of residual stress produced during cylindrical 

grinding. 
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5.3 Scope for Future Work 

 Future researches could be directed toward considering higher number of input process 

parameters. This will contribute to the optimization of the process considering a higher 

number of criteria. 

 The impact of grinding condition parameter such as work piece speed, feed rate, and 

depth of cut was investigated in this study. Additional factors such as wheel wear, 

material composition, and applied force so on could be considered in future research. 
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