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ABSTRACT 

Nimonic 90 is a nickel-based alloy that offers many desirable attributes for industrial and 

commercial use in terms of its high hot hardness, high wear resistance, and good corrosion 

resistance. Due to these attributes, the Nimonic 90 finds extensive application in aerospace, 

automobile, nuclear power plants, and petrochemical industries. Despite having many 

favorable properties, Nimonic 90 is classified as difficult-to-machine material due to its ability 

to retain high strength at elevated temperature, high strain rate sensitivity which leads to work 

hardening, low thermal conductivity, and high chemical reactivity. In general, petroleum-based 

metal working fluids (MWFs) under flood mode are used as a conventional method to reduce 

the cutting temperature and friction during grinding. However, the MWFs are considered as 

the most unsustainable component of grinding processes. High costs associated with 

operational and disposal, environment pollution, operators’ health-related issues, and high 

energy consumption due to the use of MWFs in grinding are the major hurdles for the 

machining industries. Therefore, the present research aims to eradicate, reduce, or replace the 

MWFs from the grinding process using sustainable techniques such as minimum quantity 

lubrication (MQL) and cryogenic cooling using liquid nitrogen (LN2). The application of these 

sustainable techniques in grinding can make the grinding process more economical, ecological, 

and socially viable. 

In the present study, MQL has been used as a strategy to reduce the quantity of cutting fluid 

during the grinding process. The conventional cutting fluid has been replaced with 

indigenously prepared cutting fluids such as biodegradable emulsion (sunflower oil in water 

(SOIW), Soybean oil in water (SYOIW), and Palm oil in water (POIW)) and water-based 

nanofluids. The nanofluids have been prepared by mixing the nano sized alumina (Al2O3), 

graphene nanoplatelets (GnP), and hybrid of them in deionized water and have been employed 

for the grinding of the Nimonic 90 in a CNC surface grinding machine. The grinding output in 
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terms of grinding forces, surface roughness, ground surface topography, wheel topography, 

and grinding chips morphology are obtained when using the prepared fluids and the same has 

been compared with the dry grinding condition. Upon investigation, the use of alumina-

graphene nanoplatelets (Al-GnP) hybrid nanofluids (NFs) with 0.75 Vol.% has been proven to 

be a better environment than other conditions in terms of reducing grinding forces and surface 

integrity.  

In the last experimental phase of this research work, a comparison between the cryogenic 

cooling condition, sunflower oil in water (SOIW) with 5 Vol.% biodegradable emulsion and 

hybrid Al-GnP with 0.75 Vol.% has been conducted by varying the grinding speed, table speed, 

depth of cut, and grit size. Overall, the cryogenic sustainable cooling technique has been found 

to be the best sustainable cooling technique followed by MQL with Al-GnP hybrid NFs and 

MQL with SOIW biodegradable emulsion during grinding of Nimonic 90.  

In the last section of this research work, an attempt has been made to develop a pseudo 

analytical model predicting the grinding force under the sustainable MQL environment. The 

grinding force is one of the key response variables. It is essential to study the force during 

grinding because of its direct effect on the ground surface quality, wheel wear, grinding zone 

temperature, and grinding fixtures' design. Till now, only a few authors have modelled the 

grinding force and that too under a dry grinding environment. Therefore, the present work deals 

with developing a mathematical model for predicting the force during the grinding of a 

Nimonic 90 under a sustainable MQL environment. The model takes into consideration all the 

three force components such as cutting, rubbing, and ploughing. The total tangential and 

normal force components equations have been developed during these three processes and 

stated in terms of experimental constant coefficients and grinding process parameters such as 

grinding speed, table speed, and depth of cut. All coefficients have been determined by 

conducting grinding experiments under a sustainable MQL environment. The rubbing force 
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component has been estimated using experimental grinding contact length and dynamic grit 

density. The single grit experiments have been performed to model the ploughing force 

component. The single alumina abrasives with different sizes, i.e., 24, 20, and 16 mesh 

numbers, have been used to investigate the actual material deformation behavior during single 

grit grinding. These grinding experiments have been performed using in-house developed 

alumina brazed tools fitted into a dummy aluminium grinding wheel. The geometrical 

parameters of the scratches have been measured and analyzed using a coherence correlation 

interferometer optics microscope to investigate the ploughing phenomenon. The present study 

indicates that the ploughing becomes more influential due to the size effect during grinding of 

harder material like Nimonic 90 alloy at low depth of cut. The total normal and tangential force 

values obtained from the analytical model have been validated based on experimental data of 

total normal and tangential forces in surface grinding under a sustainable MQL environment. 

A good agreement between the predicted and experimental force values have been noticed. 

 

Keywords: Cryogenic grinding, MQL, Hybrid nanofluids, grinding force model 
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सार 

निमोनिक 90 एक निकल-आधारित नमश्र धातु है जो अपिी उच्च गमम कठोिता, उच्च पहििे के प्रनतिोध 

औि अचे्छ संक्षािण प्रनतिोध के संदर्म में औद्योनगक औि व्यावसानिक उपिोग के नलए कई वांछिीि गुण 

प्रदाि किता है। इि नवशेषताओ ंके कािण, निमोनिक 90 एििोसे्पस, ऑटोमोबाइल, पिमाणु ऊजाम संिंत्ो ं

औि पेटर ोकेनमकल उद्योगो ंमें व्यापक अिुप्रिोग पाता है। कई अिुकूल गुण होिे के बावजूद, निमोनिक 

90 को कनठि-से-मशीि सामग्री के रूप में वगीकृत नकिा गिा है, क्ोनंक ऊंचे तापमाि पि उच्च शक्ति 

बिाए िखिे की क्षमता, उच्च तिाव दि संवेदिशीलता जो काम को सख्त, कम तापीि चालकता औि 

उच्च िासािनिक प्रनतनििा की ओि ले जाती है। आम तौि पि, फ्लड मोड के तहत पेटर ोनलिम आधारित 

धातु काम कििे वाले तिल पदार्म (एमडबू्ल्यएफ) का उपिोग पािंपरिक तिीके के रूप में नकिा जाता 

है तानक पीसिे के दौिाि काटिे के तापमाि औि घषमण को कम नकिा जा सके। हालांनक, MWF को 

ग्राइंनडंग प्रनििाओ ंका सबसे अनधक अरक्षणीय घटक मािा जाता है। परिचालि औि निपटाि से जुडी 

उच्च लागत, पिामविण प्रदूषण, ऑपिेटिो ंके स्वास्थ्य संबंधी मुदे्द, औि पीसिे में MWF के उपिोग के 

कािण उच्च ऊजाम खपत मशीनिंग उद्योगो ंके नलए प्रमुख बाधाएं हैं। इसनलए, वतममाि शोध का उदे्दश्य 

नू्यितम मात्ा से्नहि (एमकू्एल) का औि तिल िाइटर ोजि (एलएि 2) िािोजेनिक कूनलंग जैसी नटकाऊ 

तकिीको ंका उपिोग किके एमडबू्ल्यएफ को पीसिे की प्रनििा से नमटािा, कम कििा िा बदलिा है। 

पीसिे में इि नटकाऊ तकिीको ंका उपिोग पीसिे की प्रनििा को अनधक नकफािती, पारिक्तथर्नतक औि 

सामानजक रूप से व्यवहािम बिा सकता है। 

वतममाि अध्यिि में, एमकू्एल का उपिोग पीसिे की प्रनििा के दौिाि तिल पदार्म काटिे की मात्ा को 

कम कििे की िणिीनत के रूप में नकिा गिा है। पािंपरिक काटिे वाले तिल पदार्म को स्वदेशी रूप से 

तैिाि कििे वाले तिल पदार्म जैसे बािोनडगे्रडेबल इमल्शि (पािी में सूिजमुखी तेल, पािी में सोिाबीि 

तेल, औि पािी में पाम तेल) औि पािी आधारित िैिो फु्लइड्स के सार् बदल नदिा गिा है। िैिो आकाि 

के अल2ओ3, जीएिपी, औि उिके हाइनिड को नवआििीकृत पािी में नमलाकि िैिोफु्लइड्स तैिाि 
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नकिा गिा औि एक सीएिसी सतह पीसिे वाली मशीि में निमोनिक 90 को पीसिे के नलए नििोनजत 

नकिा गिा है। पीसिे वाले बल, सतह खुिदिापि, जमीि की सतह थर्लाकृनत, पनहिा थर्लाकृनत, औि 

पीसिे वाले नचप्स आकारिकी के संदर्म में पीसिे वाले आउटपुट को तैिाि तिल पदार्म का उपिोग किते 

समि प्राप्त नकिा जाता है औि इसकी तुलिा सूखी पीसिे की क्तथर्नत से की जाती है। जांच कििे पि, 

0.75 Vol% के सार् अल-जीएिपी हाइनिड िैिोफु्लइड का उपिोग पीसिे वाले बलो ंऔि सतह अखंडता 

को कम कििे के मामले में अन्य क्तथर्नतिो ंकी तुलिा में बेहति वाताविण सानबत हुआ है। 

इस शोध कािम के अंनतम प्रािोनगक चिण में, िािोजेनिक कूनलंग कंडीशि, 5 Vol% बािोनडगे्रडेबल 

इमल्शि के सार् पािी में सूिजमुखी के तेल औि 0.75 Vol% के सार् हाइनिड अल-जीएिपी की तुलिा 

पीसिे की गनत, टेबल स्पीड, कटौती की गहराई औि नग्रट आकाि को अलग किके की गई है। कुल 

नमलाकि, िािोजेनिक ससे्टिेबल कूनलंग तकिीक को सबसे अच्छी नटकाऊ कूनलंग तकिीक के रूप में 

पािा गिा है, नजसके बाद निमोनिक 90 की ग्राइंनडंग के दौिाि अल-जीएिपी हाइनिड एिएफ के सार् 

एमकू्एल औि एसओआईडबू्ल्य बािोनडगे्रडेबल इमल्शि के सार् एमकू्एल है। 

इस शोध कािम के अंनतम र्ाग में, एक प्रिास नकिा गिा है। एक छद्म नवशे्लषणात्मक मॉडल नवकनसत 

कििे के नलए बिािा गिा है जो थर्ािी MQL वाताविण के तहत पीस बल की र्नवष्यवाणी किता है। 

पीस बल प्रमुख प्रनतनििा चि में से एक है। पीसिे के दौिाि बल का अध्यिि कििा आवश्यक है क्ोनंक 

इसका ग्राउण्ड की सतह की गुणवत्ता, पनहिा नघसिे, पीसिे वाले के्षत् के तापमाि औि पीसिे वाले 

जुडिाि के नडजाइि पि सीधा प्रर्ाव पडता है। अब तक, केवल कुछ लेखको ंिे ग्राइंनडंग फोसम का मॉडल 

तैिाि नकिा है औि वह र्ी शुष्क ग्राइंनडंग वाताविण में। इसनलए, वतममाि कािम एक थर्ािी एमकू्एल 

वाताविण के तहत निमोनिक 90 के पीसिे के दौिाि बल की र्नवष्यवाणी के नलए गनणतीि मॉडल 

नवकनसत कििे से संबंनधत है। मॉडल काटिे, िगडिे औि जुताई जैसे तीिो ंबल घटको ंको ध्याि में िखता 

है। इि तीि प्रनििाओ ंके दौिाि कुल स्पशमिेखा औि सामान्य बल घटक समीकिण नवकनसत नकए गए 

हैं औि प्रिोगात्मक क्तथर्ि गुणांक औि पीसिे की गनत, टेबल गनत औि कटौती की गहिाई जैसे पीसिे की 
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प्रनििा पैिामीटि के संदर्म में कहा गिा है। सर्ी गुणांक एक थर्ािी MQL वाताविण के तहत पीस 

प्रिोगो ंका संचालि किके निधामरित नकए गए हैं। प्रािोनगक पीस संपकम  लंबाई औि गनतशील धैिम घित्व 

का उपिोग किके िगड बल घटक का अिुमाि लगािा गिा है। प्लोइंग (Ploughing) बल घटक को 

मॉडल कििे के नलए एकल धैिम प्रिोग नकए गए हैं। नसंगल नग्रट ग्राइंनडंग के दौिाि वास्तनवक सामग्री 

नवरूपण व्यवहाि की जांच के नलए नवनर्न्न आकािो,ं िािी 24, 20, औि 16 मेष आकािो ंके सार् एकल 

एलू्यनमिा अपघषमक का उपिोग नकिा गिा है। इि ग्राइंनडंग प्रिोगो ंको एक डमी एलु्यनमनििम ग्राइंनडंग 

व्हील में नफट नकए गए इि-हाउस नवकनसत एलू्यनमिा िेज़्ड टूल्स का उपिोग किके नकिा गिा है। 

प्लोइंग (Ploughing) की घटिा की जांच के नलए एक सुसंगत सहसंबंध इंटिफेिोमीटि ऑनिक्स 

माइिोस्कोप का उपिोग किके खिोचं के ज्यानमतीि मापदंडो ंको मापा औि नवशे्लषण नकिा गिा है। 

वतममाि अध्यिि इंनगत किता है नक निमोनिक 90 नमश्र धातु जैसी कठोि सामग्री को कट की कम गहिाई 

पि पीसिे के दौिाि आकाि के प्रर्ाव के कािण जुताई अनधक प्रर्ावशाली हो जाती है। नवशे्लषणात्मक 

मॉडल से प्राप्त कुल सामान्य औि स्पशमिेखा बल मूल्यो ंको एक थर्ािी MQL वाताविण के तहत सतह 

पीसिे में कुल सामान्य औि स्पशमिेखा बलो ं के प्रिोगात्मक डेटा के आधाि पि मान्य नकिा गिा है। 

अिुमानित औि प्रािोनगक बल मूल्यो ंके बीच एक अच्छा समझौता देखा गिा है। 

  

कीवर्ड: िािोजेनिक ग्राइंनडंग, एमकू्एल, हाइनिड िैिो फु्लइड्स, ग्राइंनडंग फोसम मॉडल 

 

 

  



ix 
 

Table of contents 

 Page No. 

Acknowledgement i 

Abstract iii 

List fo figures xiii 

List of tables xvii 

Notations xx 

1. Introduction 

1.1 Introduction to Nimonic 90 

1.2 Grinding of Nickel based alloy Nimonic 90 

1.3 Aim of Present research work 

1.4 Organization of the thesis 

 

2 

4 

9 

9 

2. Literature Review 

2.1. Introduction to Grinding 

2.1.1. Types of Grinding 

2.1.2. Grinding systems elements 

2.1.3. Grinding wheel 

2.1.4. Grinding wheel conditioning 

2.1.5. Wheel Balancing 

2.2. Grinding Mechanism 

2.3. Grinding of Nickel based alloys 

2.3.1. Grinding Forces 

2.3.2. Ground Surface Integrity 

2.3.3. Surface Finish 

2.3.4. Grinding Wheel Wear 

2.4. Metal Working Fluids (MWFs) in Grinding 

2.4.1. Classification of Cutting Fluid 

2.4.2. Difficulties associated with the use of conventional MWFs 

2.5. Sustainable Cooling Techniques in Grinding 

2.5.1. Minimum Quantity Lubrication 

2.6. Vegetable Oil based Cutting Fluids 

2.6.1. Application of vegetable oil based cutting fluid in grinding 

2.7. Nanofluids 

2.7.1. Preparation of Nanofluids 

2.7.2. Stability of Nanofluids 

 

13 

14 

18 

19 

22 

22 

25 

26 

27 

28 

28 

31 

33 

34 

35 

37 

40 

41 

43 

46 

46 

48 



x 
 

2.7.3. Application of Nanofluids in grinding 

2.8. Cryogenic Cooling 

2.8.1. Cryogenic cooling during grinding 

2.9. Modeling of Grinding Force 

2.9.1. Previous work related to modeling of grinding force 

2.10. Research Objectives                

52 

55 

56 

58 

59 

65 

3. Performance Evaluation of Biodegradable Emulsion in MQL Grinding 

3.1. Introduction 

3.2. Materials and Methods 

3.2.1. Experimental equipment and materials 

3.2.2. Experimental conditions 

3.2.3. Preparation of biodegradable emulsions 

3.2.4. Characterization of biodegradable emulsions 

3.2.5. Output responses 

3.3. Results and Discussion 

3.3.1. Dynamic Viscosity 

3.3.2. Thermal Conductivity 

3.3.3. Contact angle 

3.3.4. Stability of biodegradable emulsions 

3.3.5. Grinding forces 

3.3.6. Surface roughness 

3.3.7. Specific grinding energy 

3.3.8. Grinding surface morphology 

3.3.9. Wheel topography 

3.3.10. Lubrication mechanism 

3.4. Conclusions 

 

67 

68 

68 

70 

71 

72 

73 

74 

74 

75 

76 

77 

79 

81 

82 

84 

85 

86 

87 

4. Application of Water based Nanoflids in MQL grinding of Nimonic 90 

4.1. Introduction 

4.2. Materials and Methods 

4.2.1. Work, wheel material and Experimental scheme 

4.2.2. Experimental setup 

4.2.3. Preparation of Nanofluids 

4.2.4. Characterization of Nanofluids 

4.2.5. Output responses 

4.3. Results and Discussion 

4.3.1. Dynamic Viscosity 

 

91 

92 

92 

94 

94 

96 

97 

98 

98 



xi 
 

4.3.2. Thermal Conductivity 

4.3.3. Contact angle 

4.3.4. Stability of Nanofluids 

4.3.5. Grinding forces 

4.3.6. Surface roughness 

4.3.7. Coefficient of friction 

4.3.8. Ground surface morphology 

4.3.9. Grinding chips morphology 

4.3.10. Lubrication mechanism 

4.4. Conclusions 

99 

100 

101 

102 

104 

106 

108 

109 

111 

113 

5. Comparative Study of Sustainable Cooling Techniques during grinding 

of Nimonic 90 

5.1. Introduction 

5.2. Materials and Methods 

5.2.1. Details of workpiece material, grinding wheel and machine tool 

5.2.2. Grinding conditions and grinding parameters 

5.2.3. Design of Experiments 

5.2.4. Output responses 

5.3. Results and Discussion 

5.3.1. Comparative analysis of grinding forces 

5.3.2. Surface roughness 

5.3.3. Ground surface morphology 

5.3.4. Wheel surface morphology 

5.3.5. Grinding chips morphology 

5.3.6. EDS analysis of ground surface 

5.4. Conclusions 

 

 

116 

116 

116 

117 

118 

120 

122 

122 

127 

130 

133 

134 

135 

137 

6. Grinding Force modeling under MQL environment 

6.1. Introduction 

6.2. Development of grinding force model 

6.2.1. Chip formation force 

6.2.2. Rubbing (Sliding) force 

6.2.3. Ploughing force 

6.3. Experimental method and details 

6.3.1. Single grit experimentation 

6.3.1.1. Brazing of Alumina grits with steel substrate 

 

140 

142 

142 

143 

145 

148 

149 

149 



xii 
 

6.3.1.2. Single grit experiments 

6.3.2. Evalauation of grindign wheel-workpiece contact length and wheel grit density 

6.3.3. Chip formation and rubbing grinding force 

6.4. Model Solution methodology 

6.5. Results and Discussion 

6.5.1. Validation of devloped grinding force model 

6.6. Conclusions 

150 

157 

161 

163 

164 

164 

169 

7. Conclusions and Scope for Future Work 

7.1. Conclusions 

7.2. Future Scope 

 

172 

174 

 

 

  



xiii 
 

List of figures 

Figure No. Title Page 

No. 

Figure 1.1 Typical microstructure of Nimonic-90 3 

Figure 1.2 a. Various grinding operations on a high-pressure turbine blade,  

b. Grinding of fully assembled jet engine turbine blade tips 

5 

Figure 1.3 SEM images showing Surface cracks and thermal cracks under dry grinding 

of Nickel based alloy 

7 

Figure 2.1 Industrial usage of various machining processes and machine tools 14 

Figure 2.2 Schematic representation of basic grinding processes 15 

Figure 2.3 Schematic representation of grinding system 17 

Figure 2.4 List of elements in grinding system 18 

Figure 2.5 Standard marking system for Al2O3 and SiC grinding wheels 19 

Figure 2.6 Procedure for static balancing of a grinding wheel 23 

Figure 2.7 Procedure for dynamic balancing of a grinding wheel 24 

Figure 2.8 Mechanism of material removal in grinding 25 

Figure 2.9 Illustration of relation between roughness and tolerance 29 

Figure 2.10 Illustration of surface finish terminology 30 

Figure 2.11 Schematic illustration of length measures on a profile 31 

Figure 2.12 Illustration of types of wheel wear: A- attritious wear, B- grain fracture, C- 

bond fracture 

32 

Figure 2.13 Grinding wheel wear mechanisms 32 

Figure 2.14 Functions, characteristics, and requirements of cutting fluids 33 

Figure 2.15 Effect of cooling and lubrication provided by cutting fluids during grinding 34 

Figure 2.16 Classification of the cutting fluids 35 

Figure 2.17 (a) Biofilm formed in MWF tank, (b) Biofilm layer over filter 37 

Figure 2.18 Sustainability Pillars 38 

Figure 2.19 Sustainable techniques in grinding 39 

Figure 2.20 Schematic representation of MQL set up 41 

Figure 2.21 Triglyceride structure of vegetable oil 42 



xiv 
 

Figure 3.1 Experimental set up for MQL grinding with biodegradable emulsion 69 

Figure 3.2 Variation of dynamic viscosity at various oil concentrations of different oils 74 

Figure 3.3 Variation of thermal conductivity at various oils concentrations of different 

oils 

75 

Figure 3.4 Contact angle between MQL droplet of biodegradable emulsions and 

Nimonic-90 work surface 

77 

Figure 3.5 Variation of a contact angle over Nimonic-90 work surface at various oil 

concentrations of different oils 

77 

Figure 3.6 Variation of zeta potential at various oil concentrations of different oils 78 

Figure 3.7 Variation of a) Specific tangential force, b) Specific normal force, at various 

oil concentrations at given conditions (Vc - 1440 m/min, Vw - 9000 mm/min, 

ap - 0.012 mm) 

80 

Figure 3.8 Variation of average surface roughness at various oil concentrations at given 

conditions (Vc - 1440 m/min, Vw - 9000 mm/min, ap - 0.012 mm) 

81 

Figure 3.9 Variation of specific grinding energy at various oil concentrations at given 

conditions ( Vc - 1440 m/min, Vw - 9000 mm/min, ap - 0.012 mm) 

83 

Figure 3.10 SEM images of ground surface in different cutting fluid under MQL mode a) 

SOIW, b) SYOIW, and c) POIW for given condition 

 (Vc - 1440 m/min, Vw - 9000 mm/min, ap - 0.012 mm, concentration - 5 Vol%)  

84 

Figure 3.11 SEM micrographs of wheel surface after grinding in different cutting fluid 

under MQL mode a) SOIW, b) SYOIW, and c) POIW for given condition  

(Vc - 1440 m/min, Vw - 9000 m/min, ap - 0.012 mm, Concentration - 5 Vol%)  

86 

Figure 3.12 The lubrication mechanism of biodegradable emulsion as cutting fluid during 

grinding of Nimonic-90 (a) Lubricating film formation, (b) Droplet behavior 

87 

Figure 4.1 Surface grinding setup under MQL mode 95 

Figure 4.2 TEM images of a) Alumina nanofluid, b) GnP nanofluid, and c) hybrid 

nanofluid 

96 

Figure 4.3 Variation of dynamic viscosity at various nanoparticles concentrations 98 

Figure 4.4 Variation of thermal conductivity at various nanoparticles concentrations 99 

Figure 4.5 Variation of contact angle over Nimonic-90 work surface at various 

nanoparticles concentrations 

100 



xv 
 

Figure 4.6 Variation of zeta potential at various nanoparticles concentrations for given 

condition 

101 

Figure 4.7 Variation of a) Specific tangential force, b) Specific normal force, at various 

nanoparticles concentrations for given condition  

(Vc - 1440 m/min, Vw - 9000 mm/min, ap - 0.012 mm) 

103 

Figure 4.8 Variation of average surface roughness at various NPs concentrations for 

given condition (Vc - 1440 m/min, Vw - 9000 mm/min, ap - 0.012 mm) 

105 

Figure 4.9 Variation of coefficient of friction at various nanoparticles concentrations for 

given condition (Vc - 1440 m/min, Vw - 9000 mm/min, ap - 0.012 mm) 

107 

Figure 4.10 FESEM images of ground workpiece under the application of a) Alumina 

nanofluid, b) GnP nanofluid, and c) Hybrid nanofluid 

109 

Figure 4.11 SEM images of grinding debris under the application of a) Alumina nanofluid  

b) GnP nanofluid, and c) hybrid nanofluid for given condition  

(Vc - 1440 m/min, Vw - 9000 mm/min, ap - 0.012 mm) 

110 

Figure 4.12 The lubrication mechanism of (a) Graphene Nanoplatelets, (b) Alumina, and 

(c) Al-GnP hybrid nanofluid as cutting fluid during grinding process 

113 

Figure 5.1  Photographic view of cryogenic grinding experimental set up 118 

Figure 5.2 Variation of Specific tangential forces under various grinding environments 

with different (a) grinding speed, (b) table speed, (c) depth of cut, and (d) grit 

size 

123 

Figure 5.3  Variation of specific normal force under various grinding environments with 

different (a) grinding speed, (b) table speed, (c) depth of cut, and (d) grit size 

124 

Figure 5.4  Main effect plot and interaction plot for Specific tangential grinding force in 

different grinding environments 

126 

Figure 5.5  Variations of average surface roughness under various grinding environments 

with different (a) grinding speed, (b) table speed, (c) depth of cut, (d) grit size 

127 

Figure 5.6 Main effect plot and interaction plot for mean surface roughness in different 

grinding environments 

129 

Figure 5.7  SEM images of ground surface after grinding at (Vc - 1440 m/min, Vw - 9000 

mm/min, ap - 0.012 mm, and dg – 80 mesh) under different grinding 

environments 

131 



xvi 
 

Figure 5.8  3D topographic images of ground surface after grinding at (Vc - 1440 m/min, 

Vw - 9000 mm/min, ap - 0.012 mm, and dg - 80 mesh) under different grinding 

environments 

132 

Figure 5.9  SZM micrographs of wheel surface after grinding at (Vc - 1440 m/min, Vw - 

9000 mm/min, ap - 0.012 mm, and dg – 80 mesh) under different grinding 

environments 

133 

Figure 5.10  SEM micrographs of grinding debris after grinding at (Vc - 1440 m/min, Vw - 

9000 mm/min, ap - 0.012 mm, and dg – 80 mesh) under different grinding 

environments 

134 

Figure 5.11 . Micrographs and EDS analysis of ground surface after grinding at (Vc - 1440 

m/min, Vw - 9000 mm/min, ap - 0.012 mm, and dg - 80 mesh) under different 

grinding 

136 

Figure 6.1 A typical cross section of single grit scratch 146 

Figure 6.2 Experimental set up 148 

Figure 6.3 SZM images of brazed grits 150 

Figure 6.4 (a) Representation of dummy grinding wheel,  

(b) Photographic view of dummy grinding wheel 

151 

Figure 6.5 a) Schematic representation of Single grit grinding Experimental set up,                  

b) 3D view of base workpiece surface,  

c) Scratches on work surface after experiments 

152 

Figure 6.6 Two-dimensional Scratch profile generated at 0.004 mm, 0.008 mm, and 0.012 

mm infeed 

154 

Figure 6.7 Variation in pile-up ratio with grinding infeeds 157 

Figure 6.8 (a) Photographic view of two half slotted grinding wheel 

 (b), (c), and (d) patterns on work surface 

158 

Figure 6.9 Variation of active grits per unit area for Nimonic 90   160 

Figure 6.10 Overall algorithm of grinding force modeling under MQL environment 163 

Figure 6.11 Comparison of predicted and experimental values of (a) Specific normal force 

and (b) specific tangential force under different grinding kinematics 

166 



xvii 
 

Figure 6.12 Effects of grinding kinematics on grinding forces (chip formation, rubbing & 

ploughing contribution) (a), (c), (e) normal force and (b), (d), (f) tangential 

force 

168 

 

  



xviii 
 

List of Tables 

Table No. Title 
Page 

No. 

Table 1.1 Chemical Composition of Nimonic-90 3 

Table 1.2 Mechanical Properties of Nimonic-90 4 

Table 1.3 Properties and possible reasons for difficult to machine/grind material 6 

Table 2.1 Mechanical and thermal properties of the abrasives at ambient temperature 20 

Table 2.2 Different grades of Nickel based superalloys 26 

Table 2.3 Advantages and disadvantages of cutting fluids 35 

Table 2.4 Summary of available force models in grinding 63 

Table 3.1 Chemical Composition of Nimonic-90 alloy obtained through mass spectroscopy 69 

Table 3.3 Basic properties of three vegetable oils 70 

Table 3.3 Dressing parameters of grinding wheel 70 

Table 3.4 Grinding experimental parameters 71 

Table 3.5 Experimental plan 72 

Table 4.1 Grinding Experimental conditions 93 

Table 4.2 Parameters of SMART-B818III 3 axes CNC surface grinding machine 94 

Table 4.3 Summary of different volumetric concentration, weight of NPs and surfactant 97 

Table 5.1 Grinding parameters for experimentation 119 

Table 5.2 Selected factors and their levels for grinding experimentation 119 

Table 5.3 Experimental design matrix 121 

Table 5.4 Elemental composition of ground surfaces under different grinding environments 135 

Table 6.1 Experimental plan for Single grit experiments 152 

Table 6.2 Specification and grinding kinematics of Single grit Experiments 153 

Table 6.3 Experimental constants for ploughing force 155 

Table 6.4 Experimental data for single grit tests 156 

Table 6.5 Experimental plan for grinding contact length model 158 

Table 6.6 Experimental data for grinding contact length model 159 

Table 6.7 Experimental plan for chip formation and sliding force constants 161 

Table 6.8 Experimental constants for chip formation and sliding force constants 161 

Table 6.9 Experimental data for chip formation and sliding force 162 

Table 6.10 Grinding conditions for validation of grinding force model  

(Average grit size dg = 0.190 (80#) mm) 
165 



xix 
 

Table 6.11 Estimation of various parameters under MQL environment obtained from the 

mathematical model at different grinding conditions. 
165 

 

  



xx 
 

NOTATION 

𝐴 Fraction of wheel’s wear surface 

𝐴0 Contact area, mm2 

𝐴𝑎 Rubbing area during grinding, mm2 

𝐴𝑏 Bearing area of scratch, mm2 

𝑎𝑝 Depth of cut or infeed, mm 

ANOVA Analysis of Variance 

𝑏 Grinding width, mm 

𝐶 Number of active grits per unit area, mm-2 

CCI Coherence Correlation Interferometer 

𝑑𝑒 Equivalent diameter of grinding wheel, mm 

𝑑𝑔 Grit diameter, mm 

FESEM Field Emission Scanning Electron Microscope 

𝑒 Grit penetration or scratch depth, mm 

𝑔 Constant 

GnP Graphene Nanoplatelets 

ℎ Pile up height, mm 

ℎ𝑙  Left side pile up height, mm 

ℎ𝑟 Right side pile up height, mm 

𝐻 Pile up ratio 

𝐻𝑐 Workpiece hardness, N/mm2 

𝐻𝑠 Scratch hardness, N/mm2 

𝐾 Chip thickness coefficient 

𝐾1 Chip thickness coefficient 

𝐾2 Experimental Constant 

𝐾3 Experimental Constant 

𝐾4 Experimental Constant 

𝐾5 Experimental Constant 

𝐿𝑐 Geometrical contact length, mm 

𝐿𝑒𝑥𝑝 Experimental contact length during grinding, mm 



xxi 
 

MQL Minimum Quantity Lubrication 

𝑀𝑅𝑅𝑔𝑟𝑖𝑡 Metal removal rate for a grit, mm3 

𝑝0 Experimental Constant 

𝑝̅ Average contact pressure between workpiece and abrasive grain, N/mm2 

𝑃𝑔𝑛 Single grit normal force, N 

𝑃𝑔𝑛𝑐 Single grit normal chip formation force, N 

𝑃𝑔𝑛𝑝 Single grit normal ploughing force, N 

𝑃𝑔𝑛𝑟 Single grit normal rubbing force, N 

𝑃𝑔𝑡 Single grit tangential force, N 

𝑃𝑔𝑡𝑐 Single grit tangential chip formation force, N 

𝑃𝑔𝑡𝑝 Single grit tangential ploughing force, N 

𝑃𝑔𝑡𝑟 Single grit tangential rubbing force, N 

POIW Palm Oil In Water 

𝑃𝑛 Normal grinding force, N 

𝑃𝑛
′ Specific normal grinding force, N/mm  

𝑃𝑛𝑐  Normal chip formation force, N 

𝑃𝑛𝑐
′  Normal component of specific chip formation force, N/mm 

𝑃𝑛𝑝 Normal ploughing force, N 

𝑃𝑛𝑝
′  Normal component of specific ploughing force, N/mm 

𝑃𝑛𝑟 Normal rubbing force, N 

𝑃𝑛𝑟
′  Normal component of specific rubbing force, N/mm 

𝑃𝑡 Tangential grinding force, N 

𝑃𝑡
′ Specific tangential grinding force, N/mm 

𝑃𝑡𝑐  Tangential chip formation force, N 

𝑃𝑡𝑐
′  Tangential component of specific chip formation force, N/mm 

𝑃𝑡𝑝 Tangential ploughing force, N 

𝑃𝑡𝑝
′  Tangential component of specific ploughing force, N/mm 

𝑃𝑡𝑟 Tangential rubbing force, N 

𝑃𝑡𝑟
′  Tangential component of specific rubbing force, N/mm 



xxii 
 

𝑄𝑖 Chip cross sectional area, mm2 

RSM Response Surface Methodology 

SEM Scanning Electron Microscope 

SOIW Sunflower Oil In Water 

SYOIW Soybean Oil In Water 

SZM Stereo Zoom Microscope 

TEM Transmission Electron Microscope 

𝑢𝑝𝑙 Specific ploughing energy, J/mm3 

𝑉𝑐 Grinding wheel speed, m/min  

𝑉𝑤 Table speed, m/min 

𝑊 Normal load, N 

𝑥 Constant 

𝑦 Constant 

𝑧 Constant 

𝜑 Ratio of tangential chip formation force to normal chip formation force 

∆ Deviation of radius of curvature of cutting path and grinding wheel radius, mm 

µ𝑠𝑙  Sliding coefficient of friction 

𝛼 Semi apex angle of grit, deg 

𝛼0 Constant 

𝛽 Constant 

𝜑 Ratio of tangential chip formation force to normal chip formation force 

∆ Deviation in radius of curvature of cutting path & grinding wheel radius, mm 

µ𝑠𝑙  Sliding coefficient of friction 

 


