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[GRINDING OF Si3N4 CERAMIC USING NANO-PARTICLES SUSPENDED IN 

VEGETABLE OIL BASED LUBRICANTS ] 

ABSTRACT 

Silicon nitride (Si3N4) ceramic is highly desired in various engineering applications 

due to its exceptional properties. However, machining the Si3N4 ceramic suffers huge 

setbacks due to various degree of damages inflicted on the ceramic during grinding 

operations. Due to the significance of lubrication methods in the outcome of the grinding 

operations, there has recently been increase need for alternative lubrication techniques for 

grinding of the advanced engineering ceramics. Several findings from previous works 

indicated that the nanofluid MQL technique is a viable option of lubrication in the 

grinding process. Studies have shown that the Minimum Quantity Lubrication (MQL) 

method has better tribological ability than the flood cooling lubrication system during 

grinding of advanced engineering ceramics. Furthermore, the MQL technique (a highly 

efficient and eco-friendly lubrication method), is being used to reduce the different types 

of surface and subsurface damages, while significantly reducing the consumption of 

lubricants. This work involves optimization and experimental study on the performance 

of the Silicon dioxide-based MQL nanofluids in both conventional and ultrasonic assisted 

grinding of Si3N4 ceramic. The MQL nano-lubricant utilized was prepared by suspending 

silicon dioxide (SiO2) nanoparticles in biodegradable vegetable oils. The MQL nanofluids 

were used to conduct grinding operations on the Si3N4 ceramic, using different process 

parameter settings. The results of the tangential and normal grinding forces, surface 

quality was analyzed using Taguchi and ANFIS modelling technique. Moreover, the 

effect of the grinding parameters i.e. feed rate, depth of cut, type of diamond wheel and 

lubrication type, were investigated on the output parameters (grinding forces, workpiece 

surface roughness, surface damages and wheel wear). Furthermore, the adaptive neuro 

fuzzy inference system (ANFIS) prediction method was used to predict and analyze the 
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variation of the input parameters with the performance parameters. The developed ANFIS 

prediction model was found suitable for predicting the performance of the grinding 

operations. The findings in this work indicate that by increasing the nanofluid 

concentration, there is resultant decrease of the grinding forces, with subsequent 

improvement of the surface quality. In addition, it was found that that the introduction of 

the ultrasonic vibrations onto the workpiece material during grinding operations helps to 

reduce grinding forces and surface roughness significantly. The self-sharpening 

phenomenon found in the ultrasonic assisted grinding (UAG) process was found 

responsible for the improved machining performance of the UAG process. Hence, 

hybridizing the UAG process with biodegradable oil based nanofluids in the MQL 

technique was found to improve the machining performances of the grinding process, 

achieving better performance as the non-biodegradable lubricants. As such, the combined 

setup of the MQL nanofluid system with the Ultrasonic grinding system is vital for 

improved performance during machining of Si3N4 ceramic. 

Keywords: Ultrasonic assisted grinding (UAG), Silicon nitride, Nanofluid, Adaptive 

neuro-fuzzy inference system (ANFIS), Minimum quantity lubrication (MQL).  
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ABSTRAK  

Seramik silikon nitride (Si3N4) sangat dikehendaki dalam pelbagai aplikasi 

kejuruteraan kerana sifatnya yang luar biasa. Namun demikian pemesinan seramik Si3N4 

adalah amat sukar disebabkan pelbagai tahap kerosakan yang dikenakan ke atasnya 

semasa operasi pencanaian. Disebabkan kaedah pelinciran memainkan peranan yang 

penting dalam menentukan hasil operasi pencanaian, justeru kebelakangan ini terdapat 

peningkatan permintaan untuk teknik pelinciran alternatif dalam pencanaian seramik 

kejuruteraan termaju. Hasil beberapa kajian sebelum ini menunjukkan bahawa teknik 

MQL cecair nano adalah pilihan pelinciran yang sesuai dalam proses pencanaian. Kajian 

juga menunjukkan bahawa kaedah Minimum Quantity Lubrication (MQL) mempunyai 

keupayaan tribological yang lebih baik berbanding sistem pelinciran penyejukan banjir 

dalam pencanaian seramik kejuruteraan maju. Selain itu, teknik MQL (kaedah pelinciran 

yang sangat cekap dan mesra alam) digunakan untuk mengurangkan pelbagai jenis 

kerosakan permukaan dan bawah permukaan, serta mengurangkan penggunaan pelincir 

secara signifikan. Kerja ini melibatkan kajian pengoptimuman dan experimentasi prestasi 

pelincir nano MQL berasaskan Silikon dioksida ke-atas pencanaian konvensional dan 

pencanaian ultrasonik berbantu seramik Si3N4. Pelincir nano MQL yang digunakan 

disediakan dengan menggantung zarah nano silikon dioksida (SiO2) dalam minyak 

sayuran terbiodegradasikan. Pelincir nano MQL digunakan dalam operasi pencanaian 

seramik Si3N4 dengan tetapan parameter proses yang berbeza. Hasil penggergajian secara 

tangen dan normal serta kualiti permukaan dianalisis menggunakan teknik pemodelan 

Taguchi dan ANFIS. Selain itu, kesan parameter pencanaian iaitu kadar suapan, 

kedalaman potongan, jenis roda berlian dan jenis pelinciran, diperhatikan pada parameter 

output (daya pencanaian, kekasaran permukaan bahan kerja, kerosakan permukaan dan 

kehausan roda). Selain itu, kaedah ramalan neuro kabur adaptif sistem (ANFIS) 

digunakan untuk meramal dan menganalisis variasi parameter input dengan parameter 
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prestasi. Model ramalan ANFIS yang dibangunkan didapati sesuai untuk meramalkan 

prestasi operasi pencanaian. Penemuan dalam karya ini menunjukkan bahawa dengan 

meningkatkan kepekatan pelincir nano, kekuatan daya mencanai dapat dikurangkan 

disamping kualiti permukaan dapat ditingkatkan. Di samping itu, pengunaan getaran 

ultrasonik ke atas kerja bahan semasa operasi pencanaian didapati membantu 

mengurangkan kekuatan daya pencanaian dan kekasaran permukaan secara signifikan. 

Fenomena penajaman kendiri yang terdapat dalam proses UAG didapati memain peranan 

dalam peningkatan prestasi pemesinan proses UAG. Oleh itu, hibridisasi proses UAG 

dengan pelincir nano berasaskan minyak terbiodegradasikan dalam teknik MQL didapati 

dapat meningkatkan prestasi pemesinan proses pencanaian berbanding pelincir yang tidak 

boleh dibiodegradasikan. Oleh sedemikian, persediaan gabungan sistem pelincir nano 

MQL dengan sistem pencanaian ultrasonik adalah penting untuk prestasi pemesinan 

seramik Si3N4 yang lebih baik. 

Keywords: pencanaian ultrasonik Berbantu, Silikon nitrida, Pelincir nano, Adaptive 

neuro-fuzzy inference system (ANFIS), Pelinciran kuantiti minimum.  

 

 

 

 

 

Univ
ers

iti 
Mala

ya



   vii 

ACKNOWLEDGEMENTS 

Firstly, I would like to give my overwhelming gratitude to Allah (the most glorified 

and the most high). 

I would also like to express my profound gratitude to my supervisors Professor Dr. 

Ahmed Aly Diaa Sarhan, Dr. Sayuti Bn Ab Karim and Professor Dr. Hamdi Bin Abd 

Shukor, for their tremendous support, encouragement and guidance throughout my 

research work.  

I am highly grateful to my Mom Hajiya Binta Zakariyya for her prayers and endless 

support throughout my life. May Allah grant her Aljannatul Firdous. 

 I would like to sincerely appreciate the advice, supports and care provided by my 

siblings Dr. Shu’aibu S. Dambatta, Dr. Murtala S. Dambatta, Dr. Abdullahi S. Dambatta, 

Engr. Ali S. Dambatta, Pharm. Abubakar S. Dambatta, Aisha S. Dambatta and Dr. Sunusi 

S. Dambatta. 

Finally, my sincere gratitude goes to Kano state Government of Nigeria and Senator 

Engr. (Dr.) Rabiu Musa Kwankwaso for providing me with sponsorship for my master’s 

program in Malaysia. 

 

YUSUF. 

 

 

 

Univ
ers

iti 
Mala

ya



   viii 

TABLE OF CONTENT 

ABSTRACT ............................................................................................................. III 

ABSTRAK .................................................................................................................. V 

ACKNOWLEDGEMENTS ................................................................................... VII 

TABLE OF CONTENT ....................................................................................... VIII 

LIST OF FIGURES .............................................................................................. XIII 

LIST OF TABLES ................................................................................................. XIX 

LIST OF SYMBOLS AND ABBREVIATIONS................................................. XXI 

CHAPTER 1: INTRODUCTION ............................................................................. 1 

1.1 Introduction ................................................................................................... 1 

1.2 Problem statement ......................................................................................... 3 

1.3 Objectives ...................................................................................................... 5 

1.4 Scope of study ............................................................................................... 5 

1.5 Outline ........................................................................................................... 6 

CHAPTER 2: REVIEW ON ULTRASONIC ASSISTED GRINDING OF 

ADVANCED MATERIALS FOR BIOMEDICAL AND AEROSPACE 

APPLICATIONS ........................................................................................................ 8 

2.1 Introduction ................................................................................................... 8 

Univ
ers

iti 
Mala

ya



   ix 

2.2 Literature Review .......................................................................................... 8 

2.2.1 Grinding wheels used in cutting superhard materials ............................. 12 

2.2.2 Advanced biomedical and aerospace materials....................................... 14 

2.3 Fundamentals of Ultrasonic Assisted Grinding .......................................... 18 

2.3.1 Processing principle: Ultrasonic assisted grinding ................................. 23 

2.3.2 Classifications of Ultrasonic Assisted Grinding ..................................... 25 

2.4 Mechanism of material removal.................................................................. 27 

2.4.1 Effect of process parameters on material removal rate ........................... 32 

2.5 Grinding forces and grinding energy .......................................................... 35 

2.6 Effects of process parameters on tool wear & micro-cracks ....................... 50 

2.7 Surface integrity and subsurface characteristics ......................................... 58 

2.7.1 Effect of process parameters on surface quality ..................................... 58 

2.7.2 Effect of process parameters on sub-surface damage/ layer weakening . 63 

2.8 Grinding fluid and lubrications ................................................................... 65 

2.9 Summary ..................................................................................................... 71 

CHAPTER 3: COMPARATIVE STUDY ON THE PERFORMANCE OF THE 

MQL NANO-LUBRICANT AND CONVENTIONAL FLOOD LUBRICATION 

TECHNIQUES DURING GRINDING OF SI3N4 CERAMIC ............................. 74 

Univ
ers

iti 
Mala

ya



   x 

3.1 Introduction ................................................................................................. 74 

3.2 Literature Review ........................................................................................ 74 

3.3 Mechanism of material removal.................................................................. 78 

3.4 Methodology ............................................................................................... 80 

3.5 Experimental results and analysis ............................................................... 85 

3.5.1 Analysis of results ................................................................................... 85 

3.5.2 ANFIS Modelling ................................................................................... 92 

3.5.2.1 Verification of ANFIS Model ......................................................... 98 

3.6 Discussions ................................................................................................ 100 

3.6.1 Effect of parameters on normal grinding force ..................................... 100 

3.6.2 Effect of parameters on tangential grinding force................................. 103 

3.6.3 Effect of parameters on surface quality ................................................ 105 

3.6.4 Surface analysis ..................................................................................... 107 

3.7 Summary ................................................................................................... 113 

CHAPTER 4: INVESTIGATING THE EFFECTS OF MINIMUM QUANTITY 

LUBRICATION GRINDING OF SILICON NITRIDE CERAMIC USING 

SILICON DIOXIDE BASED NANOFLUID ....................................................... 115 

4.1 Introduction ............................................................................................... 115 

Univ
ers

iti 
Mala

ya



   xi 

4.2 Literature Review ...................................................................................... 115 

4.3 Methodology (materials, equipment and experimentation) ...................... 118 

4.4 Results ....................................................................................................... 121 

4.4.1 Taguchi analysis of response parameters .............................................. 124 

4.4.2 ANFIS Modelling ................................................................................. 126 

4.4.2.1 Validation of ANFIS Model.......................................................... 130 

4.5 Discussions ................................................................................................ 133 

4.5.1 Tangential grinding force ...................................................................... 133 

4.5.2 Normal force ......................................................................................... 136 

4.5.3 Surface Quality...................................................................................... 138 

4.5.4 Analysis of surface morphology ........................................................... 139 

4.6 Summary ................................................................................................... 143 

CHAPTER 5: INVESTIGATING THE EFFECTS OF ULTRASONIC 

ASSISTED GRINDING ON SI3N4 CERAMIC WITH MINIMUM QUANTITY 

NANOLUBRICATION USING SIO2-BASED NANOFLUIDS. ........................ 145 

5.1 Introduction ............................................................................................... 145 

5.2 Literature Review ...................................................................................... 146 

5.3 Methodology ............................................................................................. 149 

Univ
ers

iti 
Mala

ya



   xii 

5.3.1 Ultrasonic-assisted grinding process ..................................................... 149 

5.3.2 Nanofluid: preparation and application ................................................. 152 

5.3.3 Experimental settings and data acquisition ........................................... 156 

5.4 Results and discussions ............................................................................. 162 

5.4.1 Effect of MQL nanofluids ..................................................................... 165 

5.4.2 Effect of lateral ultrasonic vibration ..................................................... 167 

5.5 Summary ................................................................................................... 169 

CHAPTER 6: CONCLUSIONS AND FUTURE RECOMMEMDATION ...... 171 

6.1 Conclusion ................................................................................................ 171 

6.2 Future recommendation ............................................................................ 172 

REFERENCES ....................................................................................................... 174 

LIST OF PUBLICATIONS ................................................................................... 193 

PAPERS ACCEPTED IN CONFERENCES ....................................................... 194 

Univ
ers

iti 
Mala

ya



   xiii 

LIST OF FIGURES 

Figure 2.1: Structure of grinding wheels (Winter et al., 2015). ...................................... 13 

Figure 2.2: Evolution of aerospace materials since 1950s (Buhl, 2012). ....................... 16 

Figure 2.3: (a) UAG grinding system (Jian-Hua et al., 2015) (b) grain path in UAG (Liang, 

Z. Q. et al., 2010). ........................................................................................................... 22 

Figure 2.4: Ultrasonic assisted grinding  (a) experimental setup (Jianhua et al., 2014) (b) 

illustration of workpiece holder. ..................................................................................... 23 

Figure 2.5: Two-dimensional UAG (2D UAG) (Brehl et al., 2008). .............................. 26 

Figure 2.6: Grinding force in UAG processes (Chen et al., 2016).................................. 27 

Figure 2.7: (a) Macro grinding behavior (b) Microchip formation by single abrasive grain 

(Dai et al., 2015).............................................................................................................. 29 

Figure 2.8: Plasticity of brittle materials (Wang et al., 2015). ........................................ 30 

Figure 2.9: Effect of grit size (W10 & 270#) and wheel speed on MRR in both UAG and 

CG (Yan et al., 2006). ..................................................................................................... 33 

Figure 2.10: Effect of depth of cut on MRR (a) Common grinding and (b) Ultrasonic 

assisted grinding (Gao et al., 2006). ................................................................................ 34 

Figure 2.11: Effects of ultrasonic amplitude on grinding force in UAG(Vf= 100 𝜇m/s,  = 

2𝜇m, Vs = 18000 r/min) (Chen et al., 2016). .................................................................. 37 

Figure 2.12: Grinding force vs (a) wheel speed (b) amplitude of vibration (Xiao et al., 

2016). .............................................................................................................................. 40 

Univ
ers

iti 
Mala

ya



   xiv 

Figure 2.13: Grinding force vs (a) depth of cut (Akbari et al., 2008) (b) feed rate (Wang, 

Lin, Cao, et al., 2014). ..................................................................................................... 41 

Figure 2.14: Depth of cut vs (a) Normal cutting force (b) Tangential cutting force (Liang, 

Z. et al., 2010). ................................................................................................................ 42 

Figure 2.15: (a) Specific normal grinding forces vs grinding passes (b) Specific tangential 

grinding forces vs grinding passes. ................................................................................. 44 

Figure 2.16: Grinding forces in process vs (a) wheel speed (b) grinding depth (Wang et 

al., 2014). ........................................................................................................................ 47 

Figure 2.17: The effect of different types of biodegrable lubricants in the CG and UAG 

process on the (a) normal grinding forces (b) tangential grinding forces (Molaie et al., 

2016). .............................................................................................................................. 49 

Figure 2.18: Grain macro-fracture (Ding et al., 2015). ................................................... 50 

Figure 2.19: Microscopic images of surface profiles (a) CG (b) UAG (Liang, Z. et al., 

2010). .............................................................................................................................. 51 

Figure 2.20: Model of the UAG process illustrating cracks and wear of tool (Shen et al., 

2015). .............................................................................................................................. 52 

Figure 2.21: Extent of radial wear of the grinding wheel with number of passes (Shen et 

al., 2015). ........................................................................................................................ 52 

Figure 2.22: Subsurface cracks UAG process (Lv et al., 2013). ..................................... 53 

Figure 2.23: Comparison between tool wears found in CG and UAG process (Lauwers et 

al., 2010). ........................................................................................................................ 54 

Univ
ers

iti 
Mala

ya



   xv 

Figure 2.24: Tool wear at different wheel speed for CG and UAG processes (Park et al., 

2012). .............................................................................................................................. 55 

Figure 2.25: (a) Mechanism of tool wear in CG (b) Mechanism of tool wear in UAG 

(Liang et al., 2012) (c) Wear flat and grain pull outs in CG (d) Wear flat and 

microfractures in UAG (Ding et al., 2014). .................................................................... 56 

Figure 2.26: Surface textures of ground components using (a) CG (b) UAG. ............... 59 

Figure 2.27: Variation of surface roughness (Ra) with depth of cut (Liang, Z. et al., 2010).

 ......................................................................................................................................... 60 

Figure 2.28: Variation of surface roughness with table feed rate (Park et al., 2013). .... 62 

Figure 2.29: Variation of surface roughness with wheel speed (Zhao et al., 2005)........ 62 

Figure 2.30: SEM image of surface damages and microcracks formed along the grain 

segments (Agarwal et al., 2008). ..................................................................................... 64 

Figure 2.31: Surface quality in CG grinding process (a) without MQL fluid (b) with MQL 

fluid (Balan et al., 2013). ................................................................................................ 68 

Figure 2.32: Performance of CG and UAG on the surface roughness of ground 

components (Molaie et al., 2016). ................................................................................... 70 

Figure 3.1: Material removal in brittle materials. ........................................................... 79 

Figure 3.2: Lubrication phenomenon of SiO2 nanoparticles during grinding operations.

 ......................................................................................................................................... 80 

Figure 3.3: Experimental set-up: 1. Grinding machine head, 2. Grinding wheel, 3. 

Workpiece material, 4. Kistler Dynamometer, 5. Work table/feed, 6. Air-compressor, 7. 

Univ
ers

iti 
Mala

ya



   xvi 

Controller of high speed surface grinding, 8. Lubrication-nozzle, 9. MQL system, 10. 11. 

12. Data acquisition system............................................................................................. 80 

Figure 3.4: Main effect plot for SN ratio- normal grinding force. .................................. 89 

Figure 3.5: Main effect plot for SN ratio-Tangential grinding force. ............................. 90 

Figure 3.6: Main effect plot for SN ratio-surface roughness. ......................................... 91 

Figure 3.7: Neuro-fuzzy system. ..................................................................................... 92 

Figure 3.8: An example of the Sugeno Fuzzy inference system for the Tangential force.

 ......................................................................................................................................... 93 

Figure 3.9: (a) Trained ANFIS model (b) Architecture of the Sugeno ANFIS model. .. 94 

Figure 3.10: Tangential grinding force - ANFIS predicted vs measured. ....................... 99 

Figure 3.11: Normal grinding force - ANFIS predicted vs measured............................. 99 

Figure 3.12: Surface roughness - ANFIS predicted vs measured. ................................ 100 

Figure 3.13: Effect of process parameters on normal grinding force (a) Type of lubrication 

vs wheel type (b) Feed rate vs depth of cut. .................................................................. 103 

Figure 3.14: Effect of process parameters on Tangential grinding force (a) Feed rate vs 

Wheel type (b) Lubrication vs Depth of cut.................................................................. 105 

Figure 3.15: Effect of process parameters on the surface roughness (a) Wheel type vs 

Feed rate (b) Depth of cut vs Lubrication. .................................................................... 107 

Figure 3.16: Damages inflicted on the Si3N4 ceramic in experimental run (a) 4 (b) 8 (c) 

12. .................................................................................................................................. 109 

Univ
ers

iti 
Mala

ya



   xvii 

Figure 3.17: FESEM images showing the surface damage obtainable under different 

grinding experiments runs. ............................................................................................ 111 

Figure 3.18: Microscopic image of the surface of the diamond wheel. ........................ 113 

Figure 4.1: Grinding process set up. ............................................................................. 119 

Figure 4.2: Effect of process variables on the force Ft. ................................................. 123 

Figure 4.3: Effect of process variables on the force Fn. ................................................ 123 

Figure 4.4: Effect of process variables on Ra. ............................................................... 124 

Figure 4.5: Architecture of ANFIS model. ................................................................... 127 

Figure 4.6: Structure of ANFIS Model from Matlab. ................................................... 130 

Figure 4.7: Experimentally measured vs ANFIS predicted values: (a) Fn, (b) Ft, and (c) 

Ra. .................................................................................................................................. 133 

Figure 4.8: Variation of process parameters with Ft: (a) grinding depth (μm) vs 

nanoparticle concentration (%) (b) grinding depth (μm) vs air pressure (MPa) (c) grinding 

depth (μm) vs table speed (m/min). .............................................................................. 135 

Figure 4.9: Variation of process parameters with Fn : (a) Table speed vs nanoparticle 

concentration (%), (b) grinding depth (μm) vs air pressure (MPa). .............................. 137 

Figure 4.10: Variation of process parameters with Ra : (a) table speed (m/min) vs 

nanoparticle concentration (%) (b) grinding depth (μm) vs air pressure (MPa). .......... 139 

Figure 4.11: Surface morphology of each experiment run as obtained using FESEM. 142 

Univ
ers

iti 
Mala

ya



   xviii 

Figure 4.12: Micrographs of machined specimen SSD in experiment (a) 4 (b) 7 (c) 10 (d) 

15. .................................................................................................................................. 143 

Figure 5.1: Ultrasonic grinding set up. ......................................................................... 149 

Figure 5.2: Experimental set up (a) Set-up of grinding machine (b) grinding region (c) 

Schematic of the experimental set-up. .......................................................................... 151 

Figure 5.3: Trajectory of the diamond grains during UAG and CG processes (Abdullah et 

al., 2012). ...................................................................................................................... 152 

Figure 5.4: Illustration of lubricant spraying during MQL grinding process (Rabiei et al., 

2017). ............................................................................................................................ 153 

Figure 5.5: Preparation of nanofluid using sonicator. ................................................... 155 

Figure 5.6: Example of (a) grinding force (b) surface roughness. ................................ 159 

Figure 5.7: EDX analysis of element composition of Si3N4. ........................................ 161 

Figure 5.8: Signal of grinding forces obtained from oscilloscope for experimental runs 7 

and 8 with setting: lubricant type=corn oil; nanofluid concentration 0.5% (a) frequency= 

0-kHz (b) frequency= 20-kHz. ...................................................................................... 163 

Figure 5.9: Experimental results (a) Ft (b) Fn (c) Ra. ..................................................... 165 Univ
ers

iti 
Mala

ya



   xix 

LIST OF TABLES 

Table 2.1 : Concentration number for various abrasives ................................................ 13 

Table 2.2: Types of ceramics used in biomedical applications (El-Meliegy et al., 2011).
 ......................................................................................................................................... 14 

Table 2.3: Bio-materials and their classifications (Shi, 2006). ....................................... 15 

Table 2.4: Property Comparison of metallic based advanced biomedical materials (Shi, 
2006). .............................................................................................................................. 17 

Table 2.5: Advances in assisted machining systems (Lauwers et al., 2014). ................. 20 

Table 2.6: Percentage variation of the grinding force in UAG and CG process (Jianhua et 
al., 2014). ........................................................................................................................ 38 

Table 3.1: Properties of Si3N4 material ........................................................................... 81 

Table 3.2: Mechanical properties of SiO2 ....................................................................... 82 

Table 3.3: Experimental parameters (factors and levels) ................................................ 83 

Table 3.4: Taguchi experimental design ......................................................................... 83 

Table 3.5: Measured Grinding Forces and Surface Roughness. ..................................... 85 

Table 3.6: Experimental Results ..................................................................................... 87 

Table 3.7: Response Table for Signal to Noise Ratio for normal grinding force. .......... 88 

Table 3.8: Response Table for Signal to Noise Ratio for tangential grinding force. ...... 90 

Table 3.9: Response Table for Signal to Noise Ratio for surface roughness .................. 91 

Table 3.10: Settings for validation experiments ............................................................. 98 

Table 4.1: Experimental variables and levels ............................................................... 120 

Table 4.2: Taguchi experimental design ....................................................................... 120 

Table 4.3: Experimental results..................................................................................... 122 

Table 4.4: Results of table of means from Taguchi analysis for Ft. .............................. 125 

Table 4.5: Results of table of means from Taguchi analysis for Fn. ............................. 125 

Univ
ers

iti 
Mala

ya



   xx 

Table 4.6: Results of table of means from Taguchi analysis for Ra. ............................. 125 

Table 4.7: Settings and results for verification of the ANFIS model. ........................... 131 

Table 5.1: Mechanical properties of SiO2 ..................................................................... 154 

Table 5.2: Properties of Canola oil. .............................................................................. 155 

Table 5.3: Properties of Corn oil. .................................................................................. 156 

Table 5.4: Properties of Sunflower oil. ......................................................................... 156 

Table 5.5: Experimental settings ................................................................................... 157 

Table 5.6: Experimental design..................................................................................... 157 

Table 5.7: Experimental settings ................................................................................... 160 

Table 5.8: Elemental composition of Si3N4 ceramic. .................................................... 162 

 

Univ
ers

iti 
Mala

ya



   xxi 

LIST OF SYMBOLS AND ABBREVIATIONS 

Vs : Wheel speed 

T : Period of grinding for a single grit 

ω : Angular speed of the wheel 

Vf : Feed rate 

f : Frequency of vibration 

A : Amplitude of oscillation 

R : Wheel’s radius 

Cl : Length of lateral crack 

ap : Depth of cut 

Kc : Fracture toughness of the work material 

ζ : Proportionality coefficients 

F : Grinding force 

Ra : Surface roughness  

E : Young’s modulus 

H : Hardness 

δ : Successive cutting-point spacing 

ds : Wheel’s diameter 

Vc : Cutting speed 

𝜇0 : Constant which depends on property of workpiece 

Vm : Amount of monoclinic phase present 

σr  : Residual stress 

E: Modulus of elasticity

Univ
ers

iti 
Mala

ya



   1 

CHAPTER 1: INTRODUCTION 

1.1 Introduction 

Engineering ceramics have seen rapid rise in their applications across wide range of 

industries, such as automotive, aerospace, nuclear industry, refractory insulators, 

electrical/electronics, and defense industries. The extensive application of the engineering 

ceramic materials is attributed to their excellent physical, mechanical and chemical 

properties (Agarwal et al., 2005; Agarwal et al., 2008; Samant et al., 2009; Thoe et al., 

1998; Uhlmann et al., 2010). Ceramics are characterized by high melting point, low 

density, excellent resistance to thermal shocks, resistance to oxidation reactions, very 

high hardness, high strength at elevated temperatures, chemical stability, low thermal and 

electrical conductivities, low friction, and high wear resistance (Agarwal et al., 2005; 

Agarwal et al., 2008; Wang et al., 2007). Typical types of the engineering ceramics used 

for biomedical and aerospace applications includes silicon nitride (Si3N4), alumina 

(Al2O3), and 3-YTZP (zirconia). 

Conventional grinding (CG) is the utilized technique for machining of advanced 

ceramics. The CG process has so far been used to obtain improved surface integrity, and 

high dimensional accuracy/tolerance (Denkena et al., 2008; Zemzemi et al., 2014). 

Studies indicate that grinding accounts for more than 23% of the machining methods of 

advanced materials and ceramics in industries, whilst consisting more than 80% of the 

costs in the manufacturing process (Huang et al., 2003; Malkin, 1989; Xue et al., 2013). 

This led to the mass exodus towards investigations aimed at improving the performance 

of the grinding process in other to obtain a more economical and reliable manufacturing 

process (Agarwal et al., 2008; Cao et al., 2014; Zhong et al., 2004). 

Previous works have shown that the utilization of brazed diamond wheels in grinding 

operations could be used to improve both the machining efficiencies, and the part quality 
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during grinding operations. Moreover, several factors also affect the performance of the 

diamond wheels in grinding operations. They include bonding strength, grain projections 

and grinding efficiency (Chattopadhyay et al., 1991). According to the findings of Chen 

et al. (2009), the energy expended during material removal of grinding operations arise 

mainly due to the sliding and ploughing actions occurring in the grinding region. Hence, 

by appropriately controlling the sliding and ploughing ability of the wheel, the energy 

used in the grinding process could be greatly reduced. 

Recently there has been more focus on hybrid cutting processes for machining of 

ceramic components. They include processes like ultrasonic assisted grinding (UAG), 

Laser assisted thermal grinding (LAG), etc. The hybrid processes, as observed from 

previous research works have brought about significant improvements to the efficiency, 

and surface quality during machining of advanced materials (Moriwaki et al., 1995; Xin-

honga et al., 2006; Yanyan et al., 2009). The hybrid machining process can henceforth be 

regarded as a favorable machining method for the ceramic materials (Cao et al., 2014). 

The extensive application of the advanced engineering ceramics in various fields has 

recently seen a rapid rise due to their exceptional properties. However, a major drawback 

to their applicability is the difficulty encountered in the process of machining the 

ceramics. The grinding process which is thus far the most economical method of 

machining ceramics, is often associated with high grinding forces, enormous heat 

generation, surface and subsurface cracks, and excessive use of hazardous lubricants. In 

other to reduce the occurrence of these unwanted phenomena, it is necessary to study and 

optimize the parameters of the grinding process. This work is a crucial step aimed at 

significantly reducing lubricant consumption, and subsequently lowering the 

deformations obtained during manufacturing of advanced ceramics.  
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1.2 Problem statement 

Even though the engineering ceramics have highly desired physical, mechanical and 

chemical properties, the difficulty encountered while machining them results to great 

limitation to their extensive usage in various engineering fields (Agarwal et al., 2008). In 

addition, during grinding of the brittle materials, there is high occurrence of residual 

deformations (surface and subsurface) such as macro and micro-cracks, which 

deteriorates the quality of the manufactured components (Tan et al., 2008). As such, the 

need to improve on the machining process of these materials is highly important, 

especially improving machining efficiency and obtaining defect free components at lower 

costs (Huang et al., 2003; Xue et al., 2013). 

Recent research works have indicated that the MQL process helps to significantly 

improve the performance of the grinding operations. Several types of nanoparticles such 

as TiO2, SiO2, Al2O3, MoS2, graphene, graphene-oxide and diamond are being used to 

produce nanofluids that have been effectively applied to the MQL process. The use of 

nanofluid is aimed at improving lubrication during grinding operations. The SiO2 

nanoparticles have excellent properties like high hardness, high bending strength and 

relatively inexpensive, and fewer studies have been done to investigate the performance 

of SiO2 based nanofluids during grinding of advanced ceramics. Specifically, the use of 

the SiO2 based nanofluid during MQL grinding of advanced ceramics has not been 

extensively investigated. In addition, the SiO2 nano lubricant has been found to perform 

excellently in other manufacturing process like milling, turning and  drilling process due 

to its ability to withstand the high impact force in these processes (Sayuti et al., 2014). 

Also, the superior stiffness of the SiO2 compared to other nano particles gives it better 

smoothening capability during grinding operations, such that it significantly helps to 

reduce the coefficient of frictions and power consumed during machining (Ooi et al., 

2015). 
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Although the UAG process has a lot of advantages compared to CG, it is yet associated 

with many limitations such as micro-cracks, subsurface damages, residual stress, and in 

some cases reduced surface quality (Lauwers, 2011). As such, an in-depth investigation 

of the effects of the UAG process parameters on the performance of the process during 

grinding of ceramic materials was required. By appropriately optimizing the UAG 

process, the productivity and widespread application of advanced ceramic materials could 

be achieved (Agarwal et al., 2008; Jianhua et al., 2014; Lauwers et al., 2010).  

From the literature review for machining of the difficult to materials, the following 

research gaps have been identified; 

• Advanced engineering ceramics exhibit very high hardness which makes them to 

be classified under  difficult-to-cut materials. As such, the grinding process which 

accounts for about 23% of machining these advanced ceramics needs to be 

improved, in other to reduce the finishing costs and increase efficiency. 

• Common grinding methods are coupled with many limitations such as high 

grinding forces, poor surface quality, higher sub-surface damages, high tool 

wears, micro-cracking. These unwanted performances should be reduced to 

minimum for the improved applicability of the advanced engineering ceramics. 

• Conventional lubrication methods involves use of excessive amount of lubricant 

which are hazardous to both the environment and the health of the operator. Hence, 

the performance of SiO2 nanofluids in MQL grinding of advanced ceramics should 

be explored. This is because the nanoparticles are cheap and readily available. 

• In addition, less number of active grains participate in grinding operation. Most 

of the diamond grains on the grinding wheels perform rubbing actions, thereby 

increasing the friction and generating heat. This limitation could be eliminated using 

high frequency lateral vibrations during the feed. 
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1.3 Objectives 

• To compare the performance of vegetable oil-based nanofluid in minimum 

quantity lubrication with conventional flood cooling lubrication techniques during 

grinding of Si3N4 ceramics. 

• To determine the performance of different types of vegetable oils in minimum 

quantity nanolubrication grinding of Si3N4 ceramic.  

• To evaluate the performance of SiO2 nanoparticles suspended in eco-friendly oils 

during grinding with minimum quantity nanolubrication 

• To investigate the effect of applying lateral ultrasonic vibrations on Si3N4 ceramic 

during grinding operations with minimum quantity nanolubrication using 

different types of eco-friendly oils. 

1.4 Scope of study 

This research focus on analysis of grinding process parameters and the performance 

response from the grinding operations. The main aim is to provide required improvements 

to the grinding of advanced engineering ceramics. The solution to several problems and 

defects generated during the grinding operations. The proposed solutions involve 

improving the lubrication systems and the grinding mechanisms. The performance of the 

grinding process was measure in terms of grinding forces and surface quality. The results 

of grinding forces and surface roughness were mapped using artificial intelligent (AI) 

method (i.e. ANFIS modelling). The mapping was done in other to develop AI prediction 

models for the performance of the grinding process. The utilization of SiO2 based 

nanofluids in MQL grinding of Si3N4 ceramic was studied extensively, and the optimum 

parameter settings were obtained. 

Studies of previous literatures have shown that the use of UAG to machine advanced 

engineering ceramics will ensure sustainable production of ceramic materials. 
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Additionally, an improved machining set-up formed by hybridizing the MQL 

nanolubrication system with the UAG process was proposed.  

Summarily, this works covers the following aspects: 

• Taguchi experimental designs for optimization of the grinding process. 

• Study of the effect of different process parameters in the grinding of the Si3N4 

ceramic. 

• Performance improvement due to utilization of MQL nanolubrication in the 

conventional grinding the advanced ceramics. 

• Performance evaluation of different types of vegetable oils in MQL grinding of 

ceramics. 

• Design of ultrasonic horn configuration to achieve 2D elliptical vibratory motion 

during the UAG process. 

• Hybridization of ultrasonic assisted grinding set-up with the MQL 

nanolubrication system. 

1.5 Outline 

This section provides an outline on how the thesis was structured. The thesis was 

reported in an article style format and comprises of six chapters. The article style format 

is such that each chapter consists of a brief introduction of the study, general literature 

review, methodology, result analysis and discussion, and a concise summary. 

Chapter 1 of this thesis provides an understanding and significance of this study. 

Moreover, a brief introduction and history of grinding advanced ceramics was provided. The 

problem statement, research gaps and objectives are also provided. 

Chapter 2 contains explanations on previous studies done on grinding of advanced 

ceramics. The evolution of the machining processes used in cutting ceramics was also 
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explained comprehensively. Additionally, an insight into the limitations and possible 

improvements to the machining of advanced ceramics was provided. 

Chapter 3 reports the findings from comparison of MQL nanolubrication with 

conventional flood cooling techniques. It consists of experimental investigation of the 

effects of different grinding parameters on the performance of grinding process. Taguchi 

L16 experimental design was used to optimize the responses of the grinding process. 

ANFIS modelling was then used to predict and analyze the relationship between the input 

and output parameters. The wheel and workpiece surface characteristics were also 

analyzed accordingly. 

Chapter 4 gives an experimental analysis and optimization of SiO2 based 

nanofluid in MQL grinding process. The grinding experiment was conducted using 

different grinding and MQL parameters based on Taguchi L16 design of experiments. The 

results of the tangential, normal grinding forces, and surface quality were analyzed using 

SN ratio analysis and ANFIS prediction modelling techniques. Lastly, the surface 

integrity of the Si3N4 ceramic was also analyzed. 

Chapter 5 deals with an experimental analysis to study the effect of applying 

ultrasonication and MQL nanolubrication using SiO2-based nanofluids produced using 

different types of vegetable oils. The tangential, normal grinding forces and surface 

quality were used to analyze the performance of the grinding process.  

Chapter 6 the final section outlines the conclusions from all the findings of this 

work. In addition, future investigations and recommendations are provided in this section. 

Lastly, the list of references and publications were also provided. 
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CHAPTER 2: REVIEW ON ULTRASONIC ASSISTED GRINDING OF 
ADVANCED MATERIALS FOR BIOMEDICAL AND AEROSPACE 

APPLICATIONS 
2.1 Introduction 

This section presents a review on ultrasonic assisted grinding (UAG) of advanced 

materials, specifically investigating the effects of ultrasonication on material removal 

rates (MRR), grinding forces and grinding energy, tool wears and surface/subsurface 

damages. It compares the performance of UAG of ceramics and super alloys for 

biomedical, and aerospace applications, with the performance of the conventional 

grinding (CG) techniques. The effects of the UAG process parameters on the MRR, 

grinding ratio, tool life, residual stresses and surface/subsurface damages were also 

investigated. Previous studies on the performance of the UAG process in the machining 

of brittle and ductile materials have shown that the introduction of the ultrasonic system 

to the grinding process helps to increase the material removal rates significantly, and 

consequently reduces the surface roughness, grinding forces and subsurface damages. 

The self-sharpening phenomenon found in the UAG process was realized to be 

responsible for the improved machining performance of the UAG process. Furthermore, 

the application of biodegradable lubricants (vegetable oil based) to the grinding process 

was also found to improve the machining performances of the UAG process, achieving 

almost the same performance as the non-biodegradable lubricants. As such, the use of the 

biodegradable lubricants in the grinding process was encouraged due to its economic 

benefits, and environmental friendliness. 

2.2 Literature Review 

Advanced engineering ceramics and super alloys such as alumina, silicon nitride, 

zirconia, and Inconel have seen rapid rise in their applications across wide range of 

industries, such as automotive, aerospace, nuclear industry, refractory insulators, 

electrical/electronics, and defense industries because of their excellent physical, 
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mechanical and chemical properties Agarwal et al. (2005); (Agarwal et al., 2008; Samant 

et al., 2009; Thoe et al., 1998; Uhlmann et al., 2010). They are characterized by: high 

melting point, low density, good resistance to thermal shocks, resistance to oxidation 

reactions, very high hardness, high strength at elevated temperatures, chemical stability, 

low thermal and electrical conductivities, low friction, and high wear resistance (Agarwal 

et al., 2005; Agarwal et al., 2008; Wang et al., 2007).  

Cutting is the most popular and feasible process for manufacturing ceramics and super 

alloys. Some methods used to fabricate or cut the super hard materials includes forming, 

grinding, shearing, etc. Interests in machining of the advanced ceramic materials have 

substantially grown due to their widespread usage in precision components (Agarwal et 

al., 2005; Arunachalam et al., 2004).  

An important requirement during the manufacture of ceramic parts is the reliability of 

the machining process. In spite the significant advancements made in near-net shape 

technologies, the abrasion grinding method using diamond or cubic boron nitride (CBN) 

wheels is still the predominant method of machining the ceramic components (Qu et al., 

2000). Conventional grinding (CG) utilizes the gliding action of a super-hard tool over 

the workpiece at very high speeds. This process has been utilized in advanced machining 

to obtain improved surface integrity, and high dimensional accuracy/tolerance in different 

engineering materials (Denkena et al., 2008; Zemzemi et al., 2014). Grinding has been 

estimated to account for more than 23% of machining advanced materials and ceramics 

in industries, whilst consisting more than 80% of the costs in the manufacturing process 

(Huang et al., 2003; Malkin, 1989; Xue et al., 2013). The various limitations associated 

with the CG process led to the mass exodus towards investigations, aimed at improving 

the performance of the grinding process economically, reliably, etc. (Agarwal et al., 2008; 

Cao et al., 2014; Zhong et al., 2004). 
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Due to the properties of the ceramic materials such as high hardness, low fracture 

toughness, and brittleness, the ceramic materials were classified under difficult to 

machine materials. Also, compared with their metallic counterparts, the ceramic materials 

are much harder and hence more prone to brittle fractures (Chen et al., 2015; Pei et al., 

1995; Tesfay et al., 2016; Xiao et al., 2014). The setback mainly associated with grinding 

of the ceramic materials is their brittleness which results in high cutting forces, edge-

chipping and micro fractures during the process of cutting (Ahmed et al., 2012; Choi et 

al., 2007; Xiao et al., 2014; Zeng et al., 2005). The limitations associated with the cutting 

of ceramics materials are among the major impediments to their widespread usage 

(Agarwal et al., 2008). Moreover, different kinds of deformations such as sub-surface 

damages, micro-cracks (Agarwal et al., 2008; Kirchner, 1984),  pulverized layer (Zhang 

et al., 1994), plastic deformations, and tool/wheel wear are also found in the CG process. 

These deformations were also found to be accompanied by high grinding forces and heat 

generation (Xu et al., 1995). 

Recently there has been more focus on hybrid cutting processes used in the cutting of 

the ceramic components. They include processes like ultrasonic assisted grinding (UAG), 

laser assisted thermal grinding (LAG), ultrasonic assisted turning, etc. The hybrid 

processes, as observed by previous research works have brought about significant 

improvements to the efficiency, and surface quality during machining of the advanced 

materials (Moriwaki et al., 1995; Xin-honga et al., 2006; Yanyan et al., 2009). The hybrid 

machining process can henceforth be regarded as a favorable machining method for the 

ceramic materials (Cao et al., 2014). 

Several investigations have been done to understand the effects of ultrasonic vibration 

during the grinding of hard and brittle materials. The outcome of these investigations 

highlights that the surface roughness, material removal rates, and strength of the ground 

components were improved significantly by the ultrasonication of the grinding process. 
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Furthermore, the grinding forces, and tool wears were found to be decreased considerably 

by the ultrasonic vibrations (Akbari et al., 2008; Brecher et al., 2010; Gao et al., 2009; 

Gong et al., 2010; Suzuki et al., 2007; Vicario et al., 2007; Zeng et al., 2005). 

Ultrasonic assisted grinding involves simultaneously applying ultrasonic vibrations to 

the workpiece in two directions, it is developed such that it combines the impact of 

material removal phenomenon of ultrasonic aided lapping with high-speed abrasive 

grinding (Pei, 1995; Uhlmann et al., 2007). In UAG process, the ultrasonic vibrations are 

produced by transforming electrical signals from piezo-electric or magnetostrictive 

converters into linear motions (Marinescu et al., 2006; Thoe et al., 1998). It has proved 

to be a cost-effective method of machining super hard materials (Akbari et al., 2008; 

Brehl et al., 2008; Choi et al., 2007; Feucht et al., 2014; Gao et al., 2009; Ma et al., 2005; 

Yanyan et al., 2009). The UAG process has been widely used in the cutting of super-hard 

materials such as structural ceramics, glass, super alloys, metallic composites and 

carbonated plastic composites (Brecher et al., 2010; Lv et al., 2013). 

Although the UAG process has a lot of advantages compared to CG as elucidated, it is 

yet associated with many limitations such as micro-cracks, subsurface damages, residual 

stress, and in some cases reduced surface quality (Lauwers, 2011). However, an in-depth 

investigation of the effects of the UAG process parameters on the performance of the 

process during grinding of advanced materials was required, so as to optimize the 

machining process. By so doing, the productivity and widespread usage of the advanced 

ceramic materials would be increased considerably for the aerospace and biomedical 

applications (Agarwal et al., 2008; Jianhua et al., 2014; Lauwers et al., 2010).  

This section provides a comprehensive review of the current achievements, and 

limitations of the UAG process with emphasis on the current limitations to provide 

grounds for future research works. It assesses the basic principles and performance of the 
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ultrasonic assisted grinding process, in comparison with the CG process regarding 

productivity, physical properties, part quality etc. 

2.2.1 Grinding wheels used in cutting superhard materials 

The tool used to perform the grinding operations is referred to as the grinding wheel. 

Grinding wheels are important parts of the grinding process, and are made up of many 

tiny abrasive grains held by abrasive bonding material as illustrated in the structure of 

grinding wheel shown in Figure 2.1. The bonding material does not participate in cutting 

during the grinding process; its primary function is rather to hold the grains together. 

Standard grinding wheel bonds includes vitrified bond, resinous bond, silicate bond, 

shellac bond, rubber bond, metallic bond, and electroplated bond. The abrasive grains 

(superhard material) and bond (fixative material) are the main components of the grinding 

wheel. The space between the abrasive may be partially or wholly filled with the bond 

material. Also, the performance of the grinding wheel was a function of abrasive material, 

abrasive grain size, bond material, porosity, concentration and the strength of abrasive-

bond. The abrasive grains are characterized by higher hardness, wear resistance, 

toughness, friability etc. The main parameters of the grinding wheel are grain size, bond 

material type, and wheel structure. The categories of abrasives mainly used as grinding 

wheels are either natural or synthetic. The artificial abrasives most commonly used are 

aluminum oxide, silicon carbide, cubic boron nitride, and diamond. Furthermore, the 

choice of the wheel types depends on the characteristics of the workpiece material, 

desired tolerance and the surface quality required. For instance, the conventional wheels 

i.e. Al2O3 and SiC are the primary abrasives used when grinding alloy materials such as 

steel, while the super-abrasive wheels i.e. diamond and CBN, have the ability to grind 

extremely hard materials such as ceramics, glass, and super alloys (Kalpakjian et al., 

2014). 
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Figure 2.1: Structure of grinding wheels (Winter et al., 2015). 

The concentration is a parameter that indicates the proportion of abrasives on the 

grinding wheel. The amount of abrasive found on the wheel number was scaled to give 

the concentration number (s), using the exact concentrations (Vg) as shown in Table 2.1. 

Table 2.1 : Concentration number for various abrasives 

Abrasive Concentration number (S) 

Diamond s = 4 × Vg 

CBN s =
100

24
× Vg 

Conventional 

Abrasive 
s = 64 −

Vg

2
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2.2.2 Advanced biomedical and aerospace materials 

Several applications in biomedical engineering require the use of advanced materials 

such as and ceramics (e.g. alumina, zirconia, Silicon nitride etc.), metallic based (e.g. 

Titanium alloys, SS, Co—Cr alloys etc.), and matrix composites. Table 2.2 shows the 

biomedical fields in which the bioceramics are commonly used. 

Table 2.2: Types of ceramics used in biomedical applications (El-Meliegy et al., 

2011). 

Application Type of ceramic material used 

Orthopaedic load bearing Alumina, partially stabilized zirconia 

Dental orthopaedic Bioactive-glass, alumina, partially stabilized 

zirconia 

Dental implants Alumina, Bioactive-glass, hydroxyapatite 

Spinal surgery Bioactive glass ceramics, Hydroxyapatite 

Alveolar ridge Alumina, Bioactive glass ceramics 

 

The biomedical engineering fields where these advanced materials are utilized 

includes; dentistry, ophthalmology, orthopaedics, plastic and reconstructive surgery, 

neurosurgery, veterinary medicine and surgery. The materials utilized often need to be 

characterised by high bioactivity, highly corrosion resistance, high strength, and in some 

cases the ability to undergo osseointegration (Shi, 2006). In general, the biomedical 

materials are classified as either bio-tolerant, bio-inert or bioactive as shown in Table 2.3. 
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Table 2.3: Bio-materials and their classifications (Shi, 2006). 

Bio-tolerant materials Bio-inert materials Bioactive materials 

Stainless steel Titanium Bio-glass 

Vitallium Titanium alloys Tri-calcium phosphate 

Poly-methyl methacrylate 

(PMMA) 

Carbon Hydroxyapatite 

Alumina A-W glass ceramic 

Zirconia 

Titania 

Si3N4 

 

The advanced materials used for aerospace applications include metals, ceramics and 

composites. The metallic materials have been dominant as aerospace structural materials 

since the 1920s. However, since early 1990s, high strength ceramic and composite 

materials are being increasingly used in many aerospace applications. Studies have shown 

that the percentage of composites used in the airframes have grown from about 2% up to 

27%. Also, the aircrafts are usually composed of about 5–15% high strength steels, which 

are usually found in highly critical parts such as landing gear components. Another type 

of aerospace material is the super alloys which are made up of nickel, iron–nickel or 

cobalt based alloys. The super alloys are used to manufacture aerospace components that 

operate at high temperatures (above 1000°F) such as compressors, turbines, and 

combustors (Cotton et al., 2002; Williams et al., 2003). 

Figure 2.2 illustrates the evolution of amount of materials used in aerospace 

applications. It could be seen that over time, the conventional metals are being replaced 

by materials such as ceramics, composites, titanium and nickel alloys. The composites 

materials are gaining widespread popularity in the aerospace industry because of their 

properties which include lower density, higher modulus, high temperature resistance and 
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reliability. Additionally, the aerospace industries have seen a rise the utilization of 

materials such as fiber reinforced plastics (FRP) and fiber reinforced metals (FRM) (Buhl, 

2012). 

 

Figure 2.2: Evolution of aerospace materials since 1950s (Buhl, 2012). 

Metals are used as biomedical materials because of their excellent mechanical 

properties and fair biocompatibility. Metals exhibit excellent strength and resistance to 

fracture, which are crucial for the medical applications requiring load bearing. Among 

extensive varieties of metallic materials, a number of them exhibit good biocompatibility 

and not hazardous to the human body. They include stainless steels, cobalt alloys, 

titanium alloys, and noble metals. Some of their properties which makes them extremely 

desired are shown in Table 2.4. The titanium-based alloys are more preferred for use as 

biomedical implants due to their excellent biocompatibility. However, stainless steel is 

currently more utilized because it is cheap. Also, the Cobalt-based alloys are often desired 

when the implantation requires very high wear resistance, but stainless steel has a very 

poor corrosion resistance which it less reliable when used as an implant (Niinomi, 2002; 

Speidel et al., 1992). 
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Table 2.4: Property Comparison of metallic based advanced biomedical materials 

(Shi, 2006). 

Alloys Density 

(g/cm3) 

Young’s 

modulus 

(GPa) 

Yield 

strength 

(MPa) 

Corrosion 

resistance 

Ti and its 

alloys 

4.5 79-116 485-1034 High 

Stainless 

steel 

7.9 190 221-1213 Low 

Co-based 

alloys 

8.3-9.2 210-253 448-1500 Excellent 

The ceramic materials are characterized by high hardness, high strength at elevated 

temperatures, high chemical stability, and high wear resistance. Due to these outstanding 

properties, the grindability of the ceramic materials is poor compared to the metallic 

materials. Studies have shown that CG is mostly used to machine heat treated turbine 

blades in aerospace components. When the machining operation requires a significant 

amount of material removal, a rough grinding operation followed by a finish grind is used 

to produce the components. Also, the high temperature resistant materials are sensitive to 

the level of energy used during CG. As such various degrees of deformations such as 

surface and subsurface cracks, wheel wear and excess wheel loading are found on the 

machined components (Campbell Jr, 2011). Also, studies have shown that the machining 

of the ceramic materials is associated with lower material removal rates, chipping actions, 

high grinding force etc. Moreover, (Gates et al., 1999) reported that more efforts are being 

channeled toward improving the machinability of the ceramic materials. Several methods 

that could help to reduce the manufacturing costs are also being considered such as 

development of new machining techniques with optimal lubricating conditions. In 
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addition, studies have shown that the utilization of ultrasonic vibrations during the 

grinding operations significantly reduces the occurrence of deformations with resultant 

increase in material removal, the UAG process could be an effective alternative for 

machining the aerospace and biomedical materials. 

2.3 Fundamentals of Ultrasonic Assisted Grinding 

UAG is a machining method which has recently been used in the grinding of various 

ceramic components. It is a technology that is considered to have a great potential in 

machining of super-hard and brittle materials. The ultrasonic vibrations have been used 

together different conventional or advanced machining techniques, so as to achieve higher 

process performances. Some of the hybrid processes such as the UAG have reached 

advanced stages, and are been used for large scale production of components in the 

industry. Table 2.5 illustrates the current advances in the hybridized ultrasonic machining 

processes. It could be seen that the ultrasonic vibration assisted grinding is being utilized 

in various stages of product development from concept developments to mass 

productions. The UAG process has gained high desirability in industries due its high 

precision and ability to produce almost defect free surfaces (Lauwers et al., 2014).  

The UAG was first introduced in the late 1950s and has since been used to machine 

various types of super hard materials (Brehl et al., 2008; Isaev et al., 1961). Moreover, in 

the early 1980s as a result of the difficulties encountered in machining the difficult to cut 

materials, the ultrasonic grinding process was considered a possible machining technique 

for these materials. This is because studies have shown that by using the UAG to machine 

stainless steel, glass or ceramics, the tool life is greatly increased, thus providing 

economic advantage during the machining process (Brehl et al., 2008; Moriwaki et al., 

1991; Moriwaki et al., 1992). However, the 2D UAG systems came into light in the mid-

1900s, and have since then been more extensively used to machine the super hard 

materials. The 2D UAG process is characterized by lower grinding force, higher surface 
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quality and lower wheel wears (Brinksmeier et al., 1999; Moriwaki et al., 1995; Shamoto 

et al., 1994). Nowadays, the UAG process is being used to obtain precise cutting and 

higher surface quality in stainless steel, glass and ceramic materials. Also, studies have 

shown that the UAG process is increasingly being used to achieve high precision cutting 

in biomedical and aerospace materials such as ceramics and composites (Shi, 2006). The 

UAG process as shown in Table 2.5 has grown from concept development stage to 

applications for mass productions. This could be attributed to the increased productivity 

and reduced deformation associated with the UAG process. 
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The ultrasonic vibration found in the process refers to the high-frequency oscillations 

occurring between frequency ranges of 20-60 kHz (Ding et al., 2014). The vibrations are 

produced with the aid of either piezoelectric or magnetostrictive transducers (Pei, 1995). 

In UAG system, the setup of the CG process is integrated together with an ultrasonic 

system, thereby resulting to a complex multi-mode operation characterized by a spindle 

speed Vs, feed rate Vf, amplitude of vibration A, and vibration frequency f, as shown in 

Figure 2.3a. The UAG involves a very high-frequency 2D oscillation along the directions 

perpendicular to the feed direction, which results in oscillatory motions about the feed 

direction characterized by elliptical trajectory (Denkena et al., 2008). The 2D ultrasonic 

vibrations are produced via application of ac voltage to the piezoelectric material, which 

converts the electrical energy into mechanical energy. The resulting signal is then 

boosted, and channeled onto the workpiece via a horn, causing it to vibrate along the 

longitudinal and bending axes, creating elliptical movements as it vibrates (Chen et al., 

2016; Liang, Z. Q. et al., 2010). Moreover, the reversal of the cutting direction during the 

vibrations, results in plastic flow of chips during the cutting cycle, thereby causing an in-

process lubrication, and allowing for more penetration of the lubricants (Li et al., 2006; 

Liang, Z. Q. et al., 2010; Suzuki et al., 2003). Summarily, the UAG machining system 

involves complex movements of the abrasive grits resulting in three types of motion i.e. 

rotational, linear, and 2D oscillation about the wheel axis. The path traced out by a single 

abrasive grit during both the CG and UAG processes is illustrated in Figure 2.3b. it could 

be seen that the UAG process covers a larger cutting area (Li, S. et al., 2016). Univ
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(a) 

 

(b) 

Figure 2.3: (a) UAG grinding system (Jian-Hua et al., 2015) (b) grain path in UAG 

(Liang, Z. Q. et al., 2010). 

The grinding system is made of two sections namely the ultrasonic system and the tool, 

as shown in Figure 2.4a (Jianhua et al., 2014). The former consists of the ultrasonic 

generators, transducer, booster, horn and the workpiece holder as shown in Figure 2.4b 

(Liu et al., 2008), while the latter is usually made of diamond, CBN, or any other super 

hard grinding wheel (Yanyan et al., 2009).  
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(a) 

 

(b) 

Figure 2.4: Ultrasonic assisted grinding  (a) experimental setup (Jianhua et al., 2014) 

(b) illustration of workpiece holder. 

2.3.1 Processing principle: Ultrasonic assisted grinding 

The processing principle of the UAG entails using a high speed grinding wheel (tool) 

made up of super hard materials like diamond and CBN, operating at a specified depth of 

cut to machine the advanced materials. The tool is made to glide against the less harder 

workpiece material which is attached to an ultrasonic system vibrating at ultrasonic 

frequencies, having peak to peak vibration amplitudes up to 20µm (Agarwal et al., 2008; 
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Li, S. et al., 2016; Saljé et al., 1986; Tawakoli, Taghi, Azarhoushang, Bahman, et al., 

2009). 

Wang, Lin, and Zhang (2014) relate that there are 3 types of movements found in the 

UAG process. During the oscillation process, there exists a circular wheel motion, then a 

linear motion due to feed and harmonic oscillations resulting from the ultrasonic 

vibrations. Based on these three types of motions, it was found that the length traced by 

a single diamond grain during a single cut over a given period can be obtained using 

Equation 2.1; 

L = ∫ √((𝑉𝑓 + 𝑉𝑠)
2

+ (2𝜋𝑓𝐴𝑐𝑜𝑠 (2𝜋𝑓𝑡1))2 + (𝑉𝑠𝑠𝑖𝑛𝜔 𝑡1)2 
𝑡1

0
𝑑𝑡1  (2.1) 

Where Vs is the wheel speed, t1 is the period of grinding for a single grit, ω is the 

angular speed of the wheel, Vf is the feed rate, f is the frequency of vibration, and A is 

the amplitude of oscillation. 

Similarly, Wang, Lin, Wang, et al. (2014) came up with a mathematical model for the 

frequency of vibration in the UAG process. Their model gives the optimal resonance 

frequency for the UAG technique by considering the optimal performance of the process 

parameters. Equation 2.2 and 2.3 present the mathematical model for the optimum 

frequency of vibration; 

f = 𝑡1(𝑉𝑠+𝑉𝑤)−2𝐶𝑙

4𝐶𝑙𝑡1
          (2.2) 

f = 
𝑎𝑟𝑐𝑐𝑜𝑠𝑅−ap/𝑅(𝑉𝑠+𝑉𝑤)−2𝜔𝜁1(𝐹/𝑘𝑐)3/4

4 𝑎𝑟𝑐𝑐𝑜𝑠 𝑅−ap/𝑅𝜁1(𝐹/𝐾𝑐)3/4
      (2.3) 

Where R is the wheel’s radius, Cl is the length of lateral crack, ap is the depth of cut, 

Kc is fracture toughness of the work material, ζ1 & ζ2 are the proportionality coefficients, 

and F is the grinding force (Wang, Lin, Wang, et al., 2014; Zhao et al., 2006).  

By using the above theoretical models, the total length traced by the grit and the desired 

frequency of vibration of the ultrasonic unit could be obtained using the machining 

parameters. 
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2.3.2 Classifications of Ultrasonic Assisted Grinding 

The ultrasonic grinding process is divided into two modes i.e. vibrating tool or 

vibrating workpiece. Depending on the mode in which the workpiece or tool is been 

vibrated, the UAG process could be classified as either one-dimensional (1D) or two-

dimensional (2D) UAG system. The 1D-UAG occurs when the ultrasonic vibrations are 

applied either along the wheel’s rotational axis, or perpendicular to it (Cao et al., 2014). 

Studies have shown that the performance and operational characteristics of the 1D-UAG 

process is highly affected by the direction of the oscillations, which could be either 

perpendicular, or axial oscillations along the direction of the feed. When the vibrations 

are along the wheel’s axis, it is called 1D Axial-UAG (1D-AUAG) and when it is 

perpendicular, it is referred to 1D vertical-UAG (1D-VUAG). The axial type has proven 

to produce superior surface roughness (Cao et al., 2014; Denkena et al., 2008), and fewer 

deformations on the workpiece surfaces (Liang et al., 2012). Moreover, reports have 

shown that with the introduction of 1D vertical vibrations, the grinding process witnessed 

a decrease in the grinding forces (Chen et al., 2016; Wu et al., 2003). Also, the 1D axial 

UAG process was found to perform better regarding accuracy and tolerances (Spur et al., 

1996; Uhlmann et al., 2006).  However, the 1D axial UAG was reported to exhibit high 

rate of tool wear and deterioration of the surface quality (Wu et al., 2003). 

In the 2D-UAG, the workpiece is vibrated along two axes, thereby creating an elliptic 

or circular geometry (Ding et al., 2014; Peng et al., 2011). The 2D-UAG sometimes 

referred to as elliptical-UAG, involves triggering ultrasonic oscillations of the workpiece 

material concurrently along 2 horizontal directions. The system operates such that a 

vertical vibratory motion was integrated with the horizontal linear movements of the 1D-

UAG. This enables the workpiece material to exhibit a tiny circular or elliptical form of 

motion during its movement along the cutting direction. Figure 2.5 illustrates the path 

traced out during the 2D-UAG process, which takes the form of a sequence of overlapping 
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ellipses. This results in a highly complex motion that requires a more complicated design, 

thereby making the 2D-UAG system to be more expensive than the 1D-UAG (Brehl et 

al., 2008). Previous research works have currently focused on the 2D-UAG, this is 

because literatures have shown that there was greater reductions in the grinding forces, 

and residual stresses during the 2D-UAG process (Li et al., 2006). 

 

Figure 2.5: Two-dimensional UAG (2D UAG) (Brehl et al., 2008). 

The grinding forces obtainable in the different types of UAG processes compared to 

the CG method are shown in Figure 2.6. It was found that the 2D-UAG process conflates 

the performances of both 1D-AUAG and 1D-VUAG. The amplitudes of vibration in each 

of the processes is shown in Figure 2.6, illustrating the mode and direction of motion 

present in the grinding operations. The elliptical-UAG was found to produce a better 

machining result among all the UAG processes, capable of realizing higher surface 

integrity, and lowest grinding forces. However, the cost of its initial set up is very high, 

making the 1D-VUAG more preferable as a result its economic advantages (Chen et al., 

2016; Guo et al., 2011; Pei, 1995; Vanparys et al., 2008). 
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Figure 2.6: Grinding force in UAG processes (Chen et al., 2016). 

2.4 Mechanism of material removal 

The UAG method, just like the CG process employs either ductile mode, brittle mode 

and/or plastic flow as its mechanism of material removal (Dornfeld et al., 2006). Huang 

et al. (2003) studied the performance of high-speed grinding of ceramic materials such as 

alumina, alumina–titania, and yttria partially stabilized tetragonal zirconia(Y-TZP). They 

investigated the material removal process, and found that it was characterized by grain 

ejections, and propagation of lateral cracks along the grain peripheries. It was concluded 

that the mechanism of material removal in ceramic components involved both brittle 

fractures, and ductile grinding modes. 

Brittle fracture is similar to creating cavities on the surface of the material using a hard 

indenter, it is often accompanied with two types of cracks i.e. lateral and median cracks. 

The former was found to be solely responsible for material removal, while the latter was 

associated with strength degradations, and deformations. The brittle fracture also involves 

materials material removal via nucleation, and propagation of voids and cracks, through 

micro-chipping or crushing actions (Kirchner, 1984). Studies have shown that the micro-

cracks caused by the brittle fractures are formed from the lateral cracks. Furthermore, the 
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material removal mechanisms in the brittle grinding mode was found to occur as a result 

of the proliferation of the lateral cracks, thereby creating crater-like geometries on the 

machined surfaced (Cook et al., 1990). Also, the deformations produced during the brittle 

mode machining has been found to give rise to various types of micro-cracks, phase 

transformations, and residual stresses. These deformations were found to be detrimental 

to the strength, and performance of the ceramic components (Maksoud et al., 1999). This 

setbacks were considered to hinder the extensive use of the ceramic materials in the fields 

of biomedical and aerospace engineering (Hammel et al., 2014; McNamara et al., 2014; 

Shen et al., 2015). 

Recently, there has been increase in the cutting of super hard and brittle materials using 

ductile grinding mode. This has led to extensive research works aimed at improving the 

performance of the grinding process (Gao et al., 2006; Zhong et al., 2009). Bifano, Dow, 

et al. (1991) proposed a theoretical model for determining the critical cutting depth dc 

during the ductile grinding mode of the super hard materials. They came up with a model 

for critical cutting depth dc, for the UAG process as shown in Equation 2.4. As 

illustrated, it was found that the critical depth of cut depends on both the fracture 

toughness of the material being cut, and its hardness. This critical depth of cut for 

ceramics in UAG process was found to be 25μm, while in the CG process it was 15μm 

(Warnecke et al., 1995; Zhao et al., 2005). 

dc = b 𝐸

𝐻
 (𝐾𝐶

𝐻
)2         (2.4) 

Where E is the young’s modulus, H is hardness, Kc is the fracture toughness and b is 

a constant which depend on the material type and varies between 0.1-1.0. 

 

Li, S. et al. (2016) explained the mechanism of material removal in the grinding 

process, using the interactions of a single abrasive grit. Figure 2.7 shows macro and micro 

material removal methods found during the grinding operation. The method was 
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characterized by chips whose maximum undeformed thickness and length was given by 

tm and lc respectively. The mathematical relationship between the cutting parameters is 

given by Equation 2.5 (Dai et al., 2015) & Equation 2.6 (Agarwal et al., 2008). The 

maximum undeformed chip thickness and chip length could be seen to depend on the 

process parameters. That is to say, maximum undeformed chip thickness is directly 

proportional to the feed rate, spindle speed and depth of cut. Similarly, the length of the 

chips was found to depend on the depth of cut, and the diameter of the grinding wheel. 

tm = 2δ 𝑉𝑊

𝑉𝑐
 √

𝑎𝑝

𝑑𝑠
         (2.5) 

lc= √𝑎𝑝𝑑𝑠          (2.6) 

Where δ is the successive cutting-point spacing, ds is the wheel’s diameter, Vf is the 

feed rate, and Ns is the spindle speed.                                                                    

 

 

(a) 

 

(b) 

Figure 2.7: (a) Macro grinding behavior (b) Microchip formation by single abrasive 

grain (Dai et al., 2015). 
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Several investigations were conducted in other to analyze the plasticity of brittle 

materials. The formation of the median cracks and lateral cracks, and their propagations 

during the grinding process is illustrated in Figure 2.8. At the point of contact between 

the grits, and the workpiece material, it was found that there exist an elastic zone which 

was formed as a result of plastic deformations. At the base of the boundaries between the 

generated cracks, it was also found that there is a region characterized by high residual 

stress, this region is referred to the plastic zone (Kizaki et al., 2016). As the grinding force 

continues to increase with increase in grinding passes, the median cracks (which 

propagate perpendicularly into the material) is formed just at the bottom of the plastic 

zone along the direction axial to the load. Furthermore, when the grinding force was 

reduced, the lateral cracks were seen to expand and propagate downward (Jianhua et al., 

2014; Lawn et al., 1979; Marshall et al., 1985). 

 

Figure 2.8: Plasticity of brittle materials (Wang et al., 2015). 

Yan et al. (2006) report that the interaction between the abrasive grits and the work 

material resulted in median and lateral cracks. Moreover, previous works have 

endeavored to build theoretical models for the mechanism of material removal in the CG 

process (Arif et al., 2011; Bifano & Fawcett, 1991). The basis for the developed models 

was that the material removal mechanism was highly influenced by the median cracks 

(Nakamura et al., 2003). However, it was also reported that material removal by lateral 
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cracks is commonly found in scratched grooves (Marinescu, 2006). The length of lateral 

cracks Cl and the corresponding depth Ch are respectively shown in Equation 2.7 & 2.8; 

Cl= ζ1 (
𝑃𝑚

𝐾𝑐
 )

3

4         (2.7) 

Ch=ζ2 (
𝑃𝑚 

𝐻
)

1

2         (2.8) 

Where ζ1, ζ2 are the proportionality constants, Kc is the fracture toughness of the 

workpiece, and Pm is the grinding force.  

Similarly, Lawn et al. (1979) showed that the extent of the median cracks could be 

obtained using Equation 2.9. 

𝐶m = 𝜇0 
KIC

2

H2
          (2.9) 

Where 𝜇0 is a constant which depends on workpiece characteristics, 𝐻 is its hardness, 

and 𝐾IC is its fracture toughness. 

Similarly, in another research work, it was found that the motion of the abrasion grains 

during the grinding process was characterized by two kinds of material removal 

mechanisms i.e. brittle or plastic flows. In ceramic materials, the volume of material 

removed by the single abrasive grit (Vb) during brittle flow could be obtained using 

Equation 2.10 (Chen et al., 2016); 

Vb=
1

2
𝜋𝐶𝐿

2 Vt         (2.10) 

Where Vt=√𝑉𝑥
2 + 𝑉𝑦

2 is the nominal tangential grinding speed, Vx and Vy are the 

components of relative velocity of the abrasive grain along X and Y-axis, CL is the length 

of cracks. 

In general, it was found that during any UAG operation, there are more individual 

grains on the grinding wheel participating in the scratching off the surface of the 

workpiece. This increase grain participation during UAG makes the achievable cutting 

depths in the UAG process to be much higher than that of the CG process. Gao et al. 

(2006) studied the performance of ductile mode cutting of Al2O3, zirconia-toughed 
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alumina (ZTA) and nano-ZrO2 using both CG and UAG processes. They found that the 

material removal rate in the UAG process was highly improved compared to the CG 

process. The higher depth of cut achievable in the UAG process was observed to be the 

reason for higher material removal rates in the process (Molaie et al., 2016). 

2.4.1 Effect of process parameters on material removal rate 

Several investigations have been done on how the grinding process parameters affect 

the performance of the process. The variation the performance grinding process with the 

process parameters have been studied extensively in both the CG, and UAG processes. It 

was observed that there were significant improvements regarding productivity, and also 

grinding quality in the UAG process compared to the CG. Moreover, in CG, 

investigations have shown that the presence of friction and rubbing actions results to 

significant loss of energy in form of heat. This heat dissipation was found to be highly 

reduced by the ultrasonication in the UAG process, with a resultant increase in the 

material removal rates (Prabhakar et al., 1992; Spur et al., 1996). 

Lee et al. (1997) investigated the fundamental operations of the UAG of ceramic 

composites. They developed a theoretical model for the material removal rate (MRR) in 

the UAG process. Moreover, it was found that the MRR was affected by the process 

parameters such as the amplitude of vibration, grain sizes, feed rate and wheel speeds 

(Park et al., 2012; Zhou et al., 2002). Furthermore, KUO et al. (2012) studied the 

ultrasonic assisted machining of glass using diamond wheels. In their work, they 

investigated the effects of both feed rate and depth of cut on MRR, the effectiveness of 

the UAG process was also analyzed. It was observed that the UAG process produces a 

significant reduction to the grinding forces and performance compared to the CG process. 

Yan et al. (2006) analyzed the material removal rates of UAG process. They found 

that an increase in any of the parameters (such as wheel grit size, wheel speed, type of 
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wheel, vibration amplitudes and frequency) would result in higher existence of 

microcracks, and resultant increase of MRR. Figure 2.9 compares the MRR in both the 

CG and UAG processes. It illustrates how increasing the wheel speed, and grit sizes (W10 

& 270#) will result in an improved MRR in both CG &UAG processes. Moreover, the 

increase of MRR was found to be higher in the UAG process, confirming the results from 

previous researchers. 

 

Figure 2.9: Effect of grit size (W10 & 270#) and wheel speed on MRR in both UAG 
and CG (Yan et al., 2006). 

Similarly, Gao et al. (2006) studied the material removal mechanisms during the 

grinding of alumina, zirconia toughened zirconia (ZTA) and Nano-zirconia. They 

conducted diamond-grinding experiments with and without ultrasonication of the 

workpiece materials. They found that by increasing the cutting depth during UAG 

process, the MRR was twice that obtained in the CG process. This increase in MRR was 

attributed to the plastic flow behavior, which was prevalent in the UAG process. For 

example, during the grinding of ZTA ceramics, when the depth of cut was 6µm, the MRR 

was about 0.3mm3/min in CG and 0.7mm3/min in UAG process as illustrated 

respectively in Figures 2.10a & 2.10b. 
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(a) 

 

(b) 

Figure 2.10: Effect of depth of cut on MRR (a) Common grinding and (b) Ultrasonic 

assisted grinding (Gao et al., 2006). 

Qu et al. (2000) also reported a 62% improvement in MRR while machining Pyrex 

glass using diamond as a tool in the UAG process as compared with CG process. 

Moreover, Suzuki et al. (2000) also observed that In the UAG process, the MRR could 

increase 8 times compared to the MRR of the CG process. 
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2.5 Grinding forces and grinding energy 

Studies have shown that in comparison with the CG process, the grinding forces and 

grinding energy are significantly reduced by the ultrasonic vibrations during UAG 

process (Gao et al., 2009; Wang, Lin, Wang, et al., 2014; Zahedi et al., 2015). 

The specific grinding energy E, is defined as the ratio of the grinding power to the 

volumetric removal rate. In other words, the specific grinding energy is the energy utilised 

to remove a unit volume of material during the grinding operation. As given by Equation 

2.11, the power P depends on the tangential forces Ft, and spindle speed Vs, while the 

volumetric material removal rate Qw depends on other grinding parameters such as 

diameter of the wheel dg, cutting depth ap, and feed rate Vf (Adibi et al., 2014; Sayuti et 

al., 2012). 

E= 𝑃

𝑄𝑊
 = 𝐹𝑡×𝑉𝑠

𝑑𝑔×ap×𝑉𝑓
         (2.11) 

The specific grinding energy E, in the UAG process has been found to be lower than 

that in the CG process (Agarwal et al., 2008). Studies by (Li, S. et al., 2016) have shown 

that in the UAG process, the specific grinding energy has an inverse relationship with the 

depth of cut, wheel speed and amplitude of vibration. 

Zahedi et al. (2015) built a UAG set up which was used to vibrate an alumina–zirconia 

(AZ90) ceramic material ultrasonically along the axial direction, and grinding it using a 

diamond tool. The specific grinding energy was found to reduce by more than 35% 

compared with the CG process. This was attributed to the increased participation of more 

diamond grits on the wheel during the grinding activity, and also the self-sharpening 

phenomenon which helps to produce newer cutting edges as the number of grinding pass 

increases (Malkin, 1989). 
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Moreover, the grinding forces along the tangential (ft), axial (fa), and normal (fn) 
directions were modelled theoretically as shown in Equation 2.12, 2.13 and 2.14 
respectively; 

Ft=kx (MRR)Mx + Fto         (2.12) 

Fa=ky (MRR)My+ Fao         (2.13) 

Fn=kz (MRR)Mz+Fno        (2.14) 

Where, Mx, My, Mz, kx, ky and kz are constants which depends on the property of the 

work material and grinding wheel. Fto, Fao and Fno are the frictional components of the 

forces along the tangential, axial and normal directions respectively (Fan et al., 2006).  

Also, Chen et al. (2016) found that the grinding forces in the UAG process are highly 

influenced by the wheel speed. In their work, they realized that any increase in the wheel 

speed would result to improved MRR during grinding of the brittle materials. As such, 

once the MRR and empirical constants are established, the theoretical models from 

Equation 2.12, 2.13, and 2.14 could be used to obtain the grinding forces of the process. 

Figure 2.11 shows the variation of the grinding forces with amplitude of vibration during 

UAG process. The axial force could be seen to be the lowest among all three grinding 

forces, while the normal grinding force was the highest. Further studies have shown that 

the force exerted along the normal direction Fn is greater than both axial force Fa and 

Tangential force Ft during grinding process (Jianhua et al., 2014). Specifically, Fn was 

realized to be seven times larger than Fa (Liu et al., 2008). Moreover, Ft was found to be 

responsible for the heat produced during the grinding operations, as such it is advisable 

to reduce the tangential forces by optimizing the process parameter settings (Nik et al., 

2012). Jianhua et al. (2014) investigated the effect of ultrasonication on the grinding 

forces during the UAG process. In their work, they ground silica glass with an 

electroplated diamond wheel. Results from their experimental and hypothetical model 

shows that the axial and tangential grinding forces reduces as the vibration amplitude was 
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increased. The lowest magnitude for all the forces was recorded at amplitude of about 

7µm.  

 

Figure 2.11: Effects of ultrasonic amplitude on grinding force in UAG(Vf= 100 

𝜇m/s,  = 2𝜇m, Vs = 18000 r/min) (Chen et al., 2016). 

Moreover, some research works have indicated that the grinding forces could be 

reduced substantially when UAG is utilized in place of the CG process as shown in Table 

2.6 (Jianhua et al., 2014; Tawakoli, Taghi & Azarhoushang, Bahman, 2009). Also, there 

seems to be a high risk of tempered and burnt regions on the work material, when the 

frequency of oscillation was very small as reported by (Akbari et al., 2008; Hanasaki et 

al., 1994). As such, the frequency of oscillation should always be greater than 25 kHz to 

avoid these deformations. Table 2.6 shows the variation of the grinding forces with the 

main process parameters in both the CG and UAG processes. It could be seen that the 

variation percentage of the tangential grinding force is proportional to the wheel speed, 

depth of cut, and feed rate, and the percentage in the UAG process is much smaller than 

in the CG process.  Furthermore, the variation percentage of the normal grinding force 

when the wheel speed and feed rate were increased was higher in the UAG process 

compared to the CG process. Generally, it could be asserted that the ultrasonic oscillations 
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helps to lessen the effect of the spindle speed on the normal grinding force. However, the 

oscillations were found to increase the effect of both depth of cut and feed rate on the 

grinding forces (Jianhua et al., 2014). 

Table 2.6: Percentage variation of the grinding force in UAG and CG process 

(Jianhua et al., 2014). 

S/N Ex. Number Variation percentage (%) 

UAG CG 

1 Wheel 

speed 

Fn -39.6 -52.3 

Ft -15.9 -17.4 

2 Depth of 

cut 

Fn 179.0 99.2 

Ft 61.9 96.2 

3 Feed rate Fn 270.5 258.3 

Ft 32.9 42.0 

Previous research works have shown that the grinding force is an important process 

parameter in the grinding process. This is because it highly affects the material removal 

rates, and the surface quality of the products from the grinding process. Also, 

investigations have shown that the predominant type of grinding forces found in the UAG 

are the normal force and tangential forces. The former was found to be mostly associated 

with grinding damages like micro-cracks and subsurface damages (Zhang et al., 1995), 

while the latter was found to be responsible for the energy expended during the grinding 

process (Zhang et al., 2014). Hence, adequately reducing the grinding forces was 

considered to be a necessary method of improving the performance of the UAG process. 

Wang, Lin, Wang, et al. (2014) reported that during UAG operations, the grinding 

force decreases with the increase of vibration amplitude, frequency of oscillation, and 

spindle speeds. The extent of reduction of the grinding forces during the grinding of the 
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brittle materials in UAG process was also found to depend on the property of the material 

being cut (Moriwaki et al., 1995; Zhang et al., 2006). Moreover, The grinding forces in 

the UAG process were found to be lower compared to the grinding forces in the CG 

process (Feng et al., 2014). 

Also, in a separate research work by Cao et al. (2014), the prevention of the sliding 

and ploughing actions during the grinding operation was found to be an option to reducing 

the grinding forces. Investigations conducted by previous researchers on the 

superimposition of the ultrasonic vibrations on either the tool, or the workpiece during 

grinding shows an uneven distribution of forces along the normal, tangential, and 

perpendicular directions. As a result of this, it was concluded that the ultrasonic vibrations 

causes a considerable reduction of the grinding forces, which in effect was found to lead 

to improved surface, and sub-surface quality of the workpiece materials (Spur et al., 1996; 

Zhang et al., 2006). Generally, the high reduction of the grinding force in the UAG 

process as compared to the CG process gives the UAG process an upper hand in the 

manufacturing industries for advanced ceramic and super hard materials (Moriwaki et al., 

1995). 

Xiao et al. (2016) proposed a theoretical model for obtaining the grinding force in the 

UAG process based on brittle-ductile mode material removal mechanism. The brittle and 

ductile modes were classified depending on the critical depth of cut used. The results of 

their work showed that the grinding force is inversely proportional to the wheel speed and 

amplitude of vibration (see Figures 2.12a & b) which corroborates with results of (Zhao 

et al., 2005). However, the grinding force was found to be directly proportional to the 

feed rates and cutting depths as shown Figures 2.13a & b (Wang et al., 2014). Also, the 

developed model was found to be highly accurate, with an average relative mean error of 
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14.40%. The grinding forces was found to be much higher in the UAG process compared 

to the CG process. 

 

(a) 

 

(b) 

Figure 2.12: Grinding force vs (a) wheel speed (b) amplitude of vibration (Xiao et 

al., 2016). 
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(a) 

 

(b) 

Figure 2.13: Grinding force vs (a) depth of cut (Akbari et al., 2008) (b) feed rate 

(Wang, Lin, Cao, et al., 2014). 

Similarly, results from investigations have shown that the normal and tangential 

grinding forces obtainable in the UAG process were respectively decreased by 42.5% and 

40 % compared to those obtained in the CG process (Arif et al., 2011; Li, S. et al., 2016; 

Nomura et al., 2007). This result shows that the introduction of ultrasonic vibrations 

significantly reduces the grinding forces, which is similar to the findings of (Spur et al., 

1996; Zhang et al., 2006). Figure 2.14a & b shows the variation of both the normal and 

tangential forces with the depth of cuts in CG and UAG process. As illustrated in the 
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figures, it could be explained that both grinding forces in the UAG process are directly 

proportional to the depth of cut, with the normal grinding force having higher magnitude 

(Liang, Z. et al., 2010). 

 

(a) 

 

(b) 

Figure 2.14: Depth of cut vs (a) Normal cutting force (b) Tangential cutting force 

(Liang, Z. et al., 2010). 
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Considering the number of passes during the grinding process, the extent of reduction 

of the particular grinding force was found to increase in the UAG process as the number 

of grinding pass increases. This rise was attributed to the increased tool micro fractures 

occurring at higher grinding passes (Feng et al., 2014). Also, it was found that in the 1st 

grinding pass, the decrease of the specific normal and specific tangential grinding forces 

compared to those obtained in the CG process, was about 32% and 34% respectively, as 

shown in Figures 2.15a & b. Moreover, in the 60th pass, the extent of reduction of the 

forces in the UAG process was found to be about 61% and 52 % for the specific normal 

and specific tangential grinding forces respectively. This almost double percentage 

reduction of the grinding forces was attributed to the occurrence of self-sharpening 

phenomenon in the UAG process at higher grinding passes (Ding et al., 2014). 
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(a) 

 

(b) 

Figure 2.15: (a) Specific normal grinding forces vs grinding passes (b) Specific 

tangential grinding forces vs grinding passes. 

The UAG setup was found to produce less wear with a resultant 45% increase in the 

G-ratio. This G-ratio is the ratio of the material removal volume to the tool wear, and it 

depends on the type of grinding wheel and their properties such as wheel diameter and 

wheel width (Gupta et al., 2001). The G-ratio in CG process is often very high at the 
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beginning of the grinding operations, rising from 0 up to 10.5. After a significant number 

of grinding passes, the G-ratio steadily decreases and stabilizes at 9. However, in the 

UAG process, the trend of variation of the G-ratio was found to be opposite that of the 

CG process. That is to say as the grinding pass increases, the G-ratio was found to 

decrease sharply. Also, the value of G-ratio was found to be much lower in the UAG 

process compared to the CG process (Bhaduri et al., 2012; Liang et al., 2012). 

Similarly, Tawakoli et al., (2009) also stated that the grinding forces found in the UAG 

process was lower compared to that in the CG process. The ultrasonication was found to 

result in less wear of the diamond wheels, leading to improved tool life, and subsequently 

making the UAG process more efficient and economical. However, the CG process which 

is characterized by high grinding forces, is also associated with frequent wear out of the 

abrasive grits. The frequent wears happening makes the wheel to require incessant 

truing/dressings which seem to be time-consuming. Furthermore, during the grinding 

operations in the UAG process, there appears to be increased micro fractures around the 

tip of the grinding tool, this was found to produce the new cutting edges and increased 

tool sharpness (Ding et al., 2014; Fathima et al., 2003; Jackson et al., 2001). 

Studies in the UAG process relating the grinding force with the process parameters 

shows that the grinding force depends mostly on the depth of cut, the vibration amplitude, 

and worktable feed rates (Jianhua et al., 2014; Wang et al., 2014). The high depths of cut 

achievable in the UAG process was also found to cause a significant reduction of the 

grinding forces (Zhou et al., 2002). 

Also, the extent of reduction of the grinding forces in the UAG process as compared 

to the CG was found to be within the range of 20% to 50% (Akbari et al., 2008; Denkena 

et al., 2008; Ding et al., 2014; Feng et al., 2014; Mahaddalkar et al., 2014; Negishi, 2003; 

Shamoto et al., 1999; Spur et al., 1996; Suzuki et al., 2000). Moreover, (Tawakoli et al., 
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2009)  noticed a slightly higher increase of the percentage of grinding forces in the UAG 

process. In their work involving dry cutting of 42CrMo4 using the diamond tool, they 

realized that there was a decrease of about 60% of the normal grinding force in the UAG 

process. A similar observation was also made by Uhlmann et al., 2007; Wang et al., 2014). 

Wang et al., (2014)  examined another UAG system that was modeled such that the 

ultrasonic vibrations occur along the longitudinal directions of a Titanium alloy (Ti6Al4V) 

workpiece. They found that the grinding force was inversely proportional to both the 

amplitude of vibration and frequency. Similarly, the grinding force was also observed to 

be directly proportional to the depth of cut and feed rate, but inversely proportional to the 

spindle speed. Figures 2.16a & b shows how these parameters affect the grinding force, 

it could be seen that when both amplitude of vibration and frequency were doubled, the 

cutting force was halved. This trend was found to continue as the grinding depth and 

wheel speed were increased.  
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(a) 

 

(b) 

Figure 2.16: Grinding forces in process vs (a) wheel speed (b) grinding depth (Wang 

et al., 2014). 

Moreover, in the UAG process, the diamond grains were found to possess higher 

impact energy, which helps them to puncture deeper into the work materials. This high 

energy also enables the increase of brittle fractures, which consequently results to 

decrease of the grinding forces (Akbari et al., 2008). 
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Molaie et al. (2016) illustrated the reduction of the normal and tangential grinding 

forces in CG and UAG processes. As seen from Figures 2.17a & b, the utilization of the 

different bio-degradable nano-lubricants on both processes resulted to lower grinding 

forces. The extent of reduction seems to be more pronounced in the normal grinding force, 

with average reduction ranging from 39% in dry grinding, to more than 60% in the 

paraffin mixed with 6% nano particles. Also, the tangential force has been found to reduce 

by more than 58% due to application of nano lubrication. Hence, the suspended nano 

particle lubricants were found to be capable of reducing the grinding forces significantly, 

and the extent of reduction was found to be higher in the UAG process than the CG 

process. 
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(a) 

 

(b) 

Figure 2.17: The effect of different types of biodegrable lubricants in the CG and 

UAG process on the (a) normal grinding forces (b) tangential grinding forces (Molaie et 

al., 2016). 
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2.6 Effects of process parameters on tool wear & micro-cracks 

This section explains grinding deformations such a tool wears and microcracks on the 

workpiece materials. Also, the unwanted phenomenon occurring the grinding process 

such as, wheel loading, grain pull outs, and wear flats were analyzed, illustrating how 

they vary with the grinding process parameters in both CG and UAG. 

Malkin (1989) explains that there are three types of wears associated with the grinding 

wheel during CG. These include attrition wear, grits fracture, and wheel bond rupture. 

However, in the UAG process, due to the different operational kinematics, the wears were 

found to be mainly due to macro/micro fractures (see Figure 2.18), grain pull outs, and 

cracks along grain boundaries (Ding et al., 2014; Ding et al., 2015). The microfractures 

which mostly occur at the tip of the tool were found to cause a great increase to the 

sharpness of the tool, as such the microfracture is a desired phenomenon, because it leads 

to improved machinability of the UAG process (Ding et al., 2014; Fathima et al., 2003; 

Jackson et al., 2001). 

 

Figure 2.18: Grain macro-fracture (Ding et al., 2015). 
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In the investigation performed by Izman et al. (2007), it was found that the CG process 

was characterized by intense occurrence of lateral cracks. It was also found that the lateral 

cracks occur as a result of indentation on the glass, and not chipping actions. Moreover, 

Munoz-Tabares et al. (2011) reported that the formation of the microcracks during the 

CG process occurred mainly in areas close to the edges of the indentations. However, the 

utilization of UAG in cutting brittle materials was found to produce a great amount of 

reduction to these microcracks, leading to improvement in the surface profiles of the 

components. For instance, the surface profile produced by the CG indicates formation of 

brittle fractures along the length of the ground region as shown in Figure 2.19a. However, 

the cracks were seen to be significantly reduced when UAG was used as shown in Figure 

2.19b. The texture of the surface profile observed in the UAG components illustrates that 

the material removal is characterised by both ductile and brittle removal modes (Liang, 

Z. et al., 2010; Shen et al., 2015). 

               

 (a) (b) 

Figure 2.19: Microscopic images of surface profiles (a) CG (b) UAG (Liang, Z. et 

al., 2010). 

Similarly, Al2O3 ceramic has been ground with a diamond tool using both the CG and 

UAG processes, so as to investigate the extent of tool wear and performance of both 

grinding processes. Various degrees of cracks were observed in both processes, but 

surface and subsurface cracks on the diamond grains (illustrated in Figure 2.20) were 
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more apparent in the CG system. However, in the UAG process, the wheel was 

characterized by high rate of grain fracture, wear of bonding material and microcracks. 

In addition, as the number grinding passes increases, the UAG process was reported to 

produce much higher propagation of the microcracks on the wheel, thereby causing 

excessive tool degradations. Moreover, the extent of the radial wear on the tool was found 

to be much higher in the UAG process as shown in Figure 2.21 (Shen et al., 2015). 

However, in spite of the higher  radial wears found in the UAG process, the process was 

found to provide extended tool life in carbide wheels by a factor of twenty (Shimada et 

al., 2004; Weber et al., 1984). 

 
Figure 2.20: Model of the UAG process illustrating cracks and wear of tool (Shen et al., 

2015). 

 

Figure 2.21: Extent of radial wear of the grinding wheel with number of passes 

(Shen et al., 2015). 
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Several types of limitations are associated with the CG process of machining superhard 

materials, especially the issue of wheel wear, and micro-cracking of the grinding tool, 

which in turn results to incessant truing/dressings (Hosokawa et al., 2006; Liang et al., 

2012). However, the utilisation of ultrasonic vibrations in the process (UAG technique) 

was found to lower these kinds of deteriorations. During UAG, it was found that as the 

amplitude of vibration was increased, the deformations vary considerably. For instance, 

within the range of 1𝜇m to 6.5𝜇m amplitude of vibration, there was high rate of 

occurrence of microcracks and tool wear. However, between the range of vibration 

amplitudes of 6.5𝜇m and 7.5𝜇m, the microcracks were hardly noticeable on the surface 

and sub surfaces of the work material. Furthermore, when the amplitude was increased to 

8.5µm with higher vibration frequency, there seem to be high rate of the cracking 

phenomenon occurring. This increased rate of crack formation was attributed to the higher 

momentum, which in turn results to higher impact forces during the grinding process 

(Jianhua et al., 2014). In addition, it is worthy to note that the cracks produced in the UAG 

process i.e. lateral and median cracks are often intertwined at lower depths, but become 

isolated at higher depths as shown in Figure 2.22 (Chen et al., 2015). 

 

Figure 2.22: Subsurface cracks UAG process (Lv et al., 2013). 
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Similarly, other sources of wheel wear in CG process are abrasive activity, adhesion, 

and promulgations. Figure 2.23 shows the comparisons between the extents of tool wears 

found in both CG and UAG processes at different feed rates. It could be seen that the 

higher the feed rates, the more the tool wears in both grinding process (Lauwers et al., 

2010). But, the CG process was found to have higher tool wears, which confirms the 

findings of (Kizaki et al., 2016; Park et al., 2012; Zheng et al., 2016). 

Park et al. (2012) reported that in the UAG process, the wear phenomenon was mainly 

caused by scrapping, edge chipping and grit macro-fractures 

 

Figure 2.23: Comparison between tool wears found in CG and UAG process 

(Lauwers et al., 2010). 

The result for the tool wears at different cutting distances, and rotational speed is 

shown in Figure 2.24. At wheel rotational speed of 4000rpm, the UAG was found to 

provide more than 75% reduction to the tool wears at different cutting distances. 

Furthermore, when the wheel’s rotational speed was increased to 8000rpm with a cutting 

distance of 2700mm, the wear in CG was further reduced to about 8µm, while under 

similar conditions, the wear in the UAG process was 2µm. In general, studies have shown 
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that the wear phenomenon in UAG process was less than in the CG process. Also, at 

higher wheel speed and cutting distance, the wear of the grinding tools in both CG and 

UAG processes decreased considerably (Park et al., 2012). 

 

Figure 2.24: Tool wear at different wheel speed for CG and UAG processes (Park et 

al., 2012). 

Another type of deformations often associated with the tools during the grinding 

operations are grain pullouts and wear flats. Studies on the grinding processes have shown 

that there was high rate of grain pullouts in the CG process, which depends mainly on the 

mechanisms of material removal. The grain pull out is illustrated in Figure 2.25a, and 

was found to occur due to higher friction and grinding force found in the CG process. 

However, in the UAG process, the result showed a lesser occurrence of grain pullouts, 

but increased existence of the micro/macro fractures on the diamond grits. The 

micro/macro fractures were found to produce partial wear flats on the tool, and also wheel 

sharpening. The wear flats, loading, and tool breakage found in UAG process are 

illustrated in Figure 2.25b. In general, it could be said that the CG process was 

characterized by macro-fractures, and grain pull outs as shown in Figure 2.25c. However, 

whereas the UAG process was characterized by chip adhesions, and micro fractures with 
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less amount of grain pull outs as shown in Figure 2.25d (Ding et al., 2014; Liang et al., 

2012; Pei, 1995; Shen et al., 2015; Uhlmann et al., 2007). 

 

 (a) (b) 

  

 (c) (d) 

Figure 2.25: (a) Mechanism of tool wear in CG (b) Mechanism of tool wear in UAG 

(Liang et al., 2012) (c) Wear flat and grain pull outs in CG (d) Wear flat and 

microfractures in UAG (Ding et al., 2014). 

Furthermore, Suh et al. (2008) studied the pattern of stresses induced on a resin bonded 

diamond wheel. They realized that the formation of micro/macro fractures on the diamond 

grains depends solely on the ratio of the length of outward projection of each diamond 

grits to the base width of the diamond grits. It was found that the grain sizes, and type of 

bonds present on the grinding wheel affects the tool wear during the grinding process 

(Uhlmann et al., 2010). 
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The thermo-chemical reactions happening during the grinding process have also been 

found to be among the principal causes of tool wears, in certain wheel types during 

grinding of ceramics and super alloys. Paul et al. (1996) built a tool wear prediction model 

based on the number of free valence electrons in the metallic materials. The mobile 

electrons in the metallic materials were found to break off the C-C bond in diamond or 

B-N in CBN tools. It was also found that during machining of ferrous materials, the 4-

valence electrons in iron forms graphite layers by oxidation, leading to graphitization of 

the surface of the diamond tool (Shimada et al., 2004). Also, nickel and titanium were 

observed to cause much more wear in diamond tools due to the presence of two D-orbital 

electrons in these metals. Although, diamond and CBN are extremely hard, this chemical 

activity often causes wear of these tools, which subsequently leads to deterioration of the 

surface quality of the workpiece. Improving on this limitation during grinding of super 

alloys with the UAG process is still actively being researched on (Feng et al., 2009; 

Moneim et al., 1997; Shamoto et al., 1999; Shen et al., 2015; Weber et al., 1984; Zhou et 

al., 2002). Another cause of tool wear is the chemical action often found at high 

temperatures during machining with CBN wheels. Even though the CBN grains are 

chemically inactive, yet they tend to be hydrolyzed by water vapor, thereby producing 

compounds of B2O3 and ammonia. This chemical action in which the CBN grits are 

degraded was explained by (Hitchiner, 1999). The B2O3 film formed in the hydro-

oxidation process tends to dissolve in water at high temperatures. This oxidation and 

dissolution process (illustrated by Equation 2.15, 2.16, and 2.17) was found to produce 

a chain of degradable reactions during the CBN grinding. 

2BN + 3H2O → B2O3 + 2NH3 ↑       (2.15) 

4BN + 3O2 → 2B2O3 + 2N2 ↑       (2.16) 

B2O3 + 3H2O → 2H3BO3        (2.17) 
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2.7 Surface integrity and subsurface characteristics 

Surface integrity is referred to the improvements or deteriorations found on the surface 

of a workpiece material after machining operations. Nowadays, the surface integrity 

obtained by different machining techniques is receiving keen attentions. This is as a result 

of the effects which part quality has on the performance of machined components 

(Bellows, 1972). The surface integrity of machined ceramic components was found to 

affect their functionality, and properties such as, fatigue strength, hardness, fracture 

toughness etc. (Yan et al., 2011; Yanyan et al., 2009). The surface and subsurface 

integrities of machined ceramic/super alloy materials have been found to depend on the 

machining parameters such as cutting speed, depth of cut, and feed rates (Chen et al., 

2015; Nik et al., 2012). 

Investigations have shown that the depth of cut has a directly proportional relationship 

with the surface quality in both UAG and CG processes, whereas the table feed rate, 

spindle speed and sizes of grits on the wheel have an inversely proportional relationship 

with the surface quality (Chen et al., 2004; Liang, Z. Q. et al., 2010). Also, the quality of 

surface produced during the UAG process was found to vary with the directions in which 

the vibration was applied relative to the feed direction (Zhong et al., 2004).  

2.7.1 Effect of process parameters on surface quality 

Many research works have been conducted in order to investigate the effects of the 

grinding process parameters on the surface quality of the components produced. (Yanyan 

et al., 2009) compared the effects of the grinding process parameters on the surface 

roughness during the grinding of nano-ZrO2 ceramics. In their work, they ground nano-

ZrO2 with a diamond tool using both CG, and UAG processes. Their analysis focused on 

the plastic and ductile cutting modes during grinding operations. The surface roughness 

of the ground components was found to improve by more than 20% when the UAG 
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process was used in place of the CG process. This result was similar with that obtained 

by (Chen et al., 2013; Guo et al., 2011; Jianhua et al., 2014; Lee et al., 1997; Liang, Z. Q. 

et al., 2010; Nik et al., 2012; Nomura et al., 2007; Park et al., 2013; Pei, 1995; Tawakoli 

et al., 2009; Uhlmann et al., 2006; Wang et al., 1998). Furthermore, the UAG process was 

found to produce better surface quality than the CG process as shown in Figure 2.26 a & 

b (Jianhua et al., 2014). This finding also conforms with the results from (Peng et al., 

2012; Yanyan et al., 2009). 

 

 (a) (b) 

Figure 2.26: Surface textures of ground components using (a) CG (b) UAG. 

The components machined using the UAG process have lower surface roughness 

values, because they are characterized by sharp protrusions, while the CG machined parts 

were found to have densely ridged-like structures (Zheng et al., 2016). 

Liu et al. (2008) analyzed both the ultrasonic assisted turning and ultrasonic assisted 

grinding of metal aluminium composites, and ceramics using SiC tools. They found that 

the surface quality was improved only when the ultrasonic vibrations were applied along 

the axial (parallel to feed) directions. This result corroborates the findings of (Nik et al., 

2012). However, when the ultrasonic vibrations were along the radial or perpendicular 

directions, the surface quality was found to deteriorate considerably.  In the UAG process, 

when the depth of cut was high i.e. above 2µm, it was found that there was high tendency 
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for ductile mode cutting, which prevents the formation of spikes, thereby causing 

reductions of the surface roughness as shown in Figure 2.27 (Liang, Z. et al., 2010). Also, 

since higher depth of cut could be achieved in the UAG process, the surface roughness 

was found to greatly reduce at higher depths of cut compared to the CG process (Dornfeld 

et al., 2006; Liang, Z. Q. et al., 2010). Furthermore, the lowest value of surface roughness 

was reported to occur when the amplitude of vibration was within the range of 3µm to 

6.5µm. Moreover, further increase to the vibration amplitude beyond this range, shows 

that there was little or no change on the surface quality of the work materials (Guo et al., 

2011). 

 

Figure 2.27: Variation of surface roughness (Ra) with depth of cut (Liang, Z. et al., 

2010). 

Further studies on the ultrasonic assisted grinding of Nano-zirconia ceramics, showed 

that at grinding depths of 1μm, the surface roughness for parts machined using CG 

process was 0.162μm. However, when the UAG process was used to grind the same 

material using the same depth of cut, the surface roughness was found to be 0.081μm. 

This shows that the UAG process produces enhanced surface integrity compared to the 
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CG process. Also, it was found that when using the UAG process, at grinding depths less 

than 5.2μm, there seem to occur an increase in both lateral and radial micro cracks. But 

at higher depths of cut, the tool material witnesses some abrasive actions, which was 

found to result to grain breakage on the wheel (Yanyan et al., 2009). This phenomenon 

of grain breakage gives rise to a much-desired phenomenon called tool re-sharpening, 

which has been found to cause significant improvements to the machinability, and surface 

quality in the UAG process (Akbari et al., 2008; Blackley et al., 1991; Klocke et al., 2000; 

Zhao et al., 2005). 

Park et al. (2013) investigated the relationship between surface quality, and the 

grinding process parameters. In their work, they machined alumina ceramic (Al2O3) 

material using electroplated diamond wheel. They realized that the surface roughness Ra 

in the UAG process increases whenever the table feed rate, and cutting speeds were 

increased. Figure 2.28 shows the variation of the surface roughness with the feed rates in 

both CG and UAG process. At feed rate of 1.67m/s, the surface roughness of the ground 

alumina material was 0.19µm and 0.16µm in both CG and UAG processes respectively. 

However, when the feed rate was doubled, it was found that the surface roughness 

decreased to 0.17µm and 0.15µm in both CG and UAG processes respectively. In general, 

it was found that during grinding operations, the surface roughness of the machined 

components could be improved by increasing the table feed rate. Univ
ers

iti 
Mala

ya



   62 

  

Figure 2.28: Variation of surface roughness with table feed rate (Park et al., 2013). 

The surface roughness was found to reduce significantly with increase in the speed of 

the grinding wheel as shown in Figure 2.29 (Zhao et al., 2005). Also, investigations have 

shown that there was an optimal cutting speed during UAG operations whereby the 

surface quality was maximum. This speed usually varies for different materials, and 

depends on their physical properties (Liang, Z. Q. et al., 2010). Moreover, (Jirapattarasilp 

et al., 2007) reports that surface roughness of cubic zirconia was greatly improved by 

increasing the wheel speed and grain size of the cutting tool during CG grinding. 

 

Figure 2.29: Variation of surface roughness with wheel speed (Zhao et al., 2005). 
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Denkena et al. (2008) investigated the machining of Al2O3+Ti composite using 

diamond wheels in both CG and UAG processes. They found that when CG was used to 

grind the composite, the average surface roughness Ra was about 70nm. However, when 

the UAG was used, the average surface roughness Ra achievable was about 20nm. This 

29% decrease of surface roughness was an indication of the tremendous reduction found 

in the surface roughness using the UAG process in place of the CG process. 

2.7.2 Effect of process parameters on sub-surface damage/ layer weakening 

Sub-surface damage (SSD) is a kind of deformation which occurs beneath the ground 

surface as a result of the abrasive actions during the grinding operations. This defect was 

found to affect the properties of the machined components, as such it is necessary to 

investigate how it is generated, and its relationship with the grinding parameters. 

Several procedures have been utilized by past researchers to detect the SSD’s in 

ceramic materials such as Si3N4, Al2O3, and ZrO2. They include hypothetical inspections, 

numerical simulations, and exploratory tests (Munoz-Tabares et al., 2011; Wang et al., 

2015). Microscopic images obtained from scanning electron microscopy (SEM) and 

transmission electron microscopy (TEM) shows that there are two categories of 

subsurface damages i.e. micro cracks and pulverized layers (Li et al., 2011; Zhang et al., 

2003). In addition, the amount of the sub-surface damages induced on the ceramic 

components was found to depend on the properties of the material, and the mechanism of 

material removal being employed (Agarwal et al., 2008; Rekow et al., 2005). For 

example, when the grinding mode was ductile, there was higher possibility of obtaining 

a crack-free surfaces, and minimal subsurface damages. However, the brittle fracture 

mode results in high rate of formations of cracks (Bifano, Dow, et al., 1991; Qu et al., 

2000). 
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The grinding process, in general, was found to inflict various degrees of subsurface 

damages, which in turn reduces the strength, and reliability of the machined component. 

Most of the damages result from the propagation of microcracks within the workpiece 

materials. Pfeiffer et al. (1993) used the X-ray diffraction method to investigate the 

subsurface damages inflicted on SiC, and Al2O3 workpiece during CG. They found that 

there are several kinds of deformations present in the successive sub-layers of the ground 

surface. However, this non-destructive process was observed to be unable to distinguish 

between the different types of deformations and their causes. 

Agarwal et al. (2008) studied the high-speed diamond grinding of silicon carbide. They 

found that the subsurface damages in the sub-layers occur as a result of microchipping, 

and the surface was characterized by microcracks. Also, the SSD’s were found to reduce 

with distance further away from the ground surface. Figure 2.30 shows the enormous 

amount of deformations found around the grain boundaries of the SiC ceramic. Also, the 

microchipping action was found to cause considerable propagation of the microcracks. 

 

Figure 2.30: SEM image of surface damages and microcracks formed along the 
grain segments (Agarwal et al., 2008). 
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Further analysis have shown that the use of ultrasonic vibrations on the workpiece 

during the grinding process could cause higher SSD’s. Experimental investigations have 

shown that the generation of SSD’s during UAG was proportional to the feed rate, depth 

of cut and amplitudes of vibration. However, the higher spindle speed and amplitude of 

vibration were found to have insignificant effect on the formation of the SSD’s (Chen et 

al., 2015; Park et al., 2012). 

Su et al. (2014) came up with a theoretical model to determine the size, and length of 

cracks produced during the grinding of ceramic materials. Their model considers the 

indentation fracture characteristics, which was found to depend on the properties of the 

ceramic material, and also the process parameters. From the developed crack model, they 

illustrated that the crack depth during grinding of ceramics components was proportional 

to the depth of cut and feed rates, whereas it was found to be inversely proportional to the 

speed of grinding wheel. Similar relationship was also reported by (Wang et al., 2015; 

Wang et al., 2008). 

2.8 Grinding fluid and lubrications 

Grinding fluids are used to provide different kinds of assistance during the grinding 

process ranging from flushing of microchips, to wheel cleaning, and in some cases coating 

of the newly formed sub-layer against corrosion. As such the grinding fluids are regarded 

as an essential part of the grinding process (Oliveira et al., 2006). Moreover, it has been 

revealed that during the grinding operations, majority of the grains on the wheel do not 

partake in the cutting actions, rather they just rub over and plow the surface of the 

workpiece. This rubbing and ploughing action was found to be the source of the high 

amount of heat in the grinding operations. The heat can be reduced significantly by using 

the grinding fluids (Tawakoli, et al., 2009). In general, the main purpose of the grinding 
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fluids was to act simultaneously as a lubricant and pseudo-cooling system (Mao et al., 

2012). 

A great improvement to the surface quality was reported during wet grinding (grinding 

fluid present) as compared to dry grinding (grinding fluid absent). The cause of the poor 

surface quality found in dry grinding was attributed to the increase in thermal 

deteriorations, and frequent chip redeposition onto the workpiece materials (Arunachalam 

et al., 2004). The dry grinding method was also characterized by many drawbacks such 

as burning, high G-ratios, and high grinding forces (Uhlmann et al., 2010). However, the 

wet grinding has shown to be promising with improved machining performance, and 

better workpiece surface quality.  

The grinding fluids are classified as either biodegradable or non-biodegradable. Even 

though the non-biodegradable grinding fluids have numerous advantages, they are yet 

accompanied by many limitations such as posing health risks to the operators, and menace 

to the environment. Recently, there have been increased usage of the biodegradable fluids 

as lubricants in grinding operations, due to the production of non-hazardous wastes 

(Fratila et al., 2011). Hence, the biodegradable grinding fluids were found to be 

environmentally friendly, and have less effect on the operators’ health. As such, they are 

more preferred for use in the machining process (Chen et al., 2000). Some of these 

biodegradable grinding fluids include water, liquefied nitrogen, oils, etc. (Nik et al., 

2012). 

The biodegradable grinding fluids were subdivided into either mineral-based, or water 

based oils. The former being characterized by high cleaning ability while the latter has 

high convection property, and is often used for cooling purposes. Moreover, the grinding 

forces produced by the water-based grinding fluids were found to be less than those found 

when mineral oils were used. However, certain wheel types such as CBN tools are easily 
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dissolved by water vapor as explained by (Hitchiner, 1999). This dissolution process was 

found to cause deterioration of the CBN wheels when the water-based fluids were used 

in the grinding operations. Thus, the mineral based oils are preferable as lubricants when 

grinding with such kinds of tool (Alves et al., 2006; Hu et al., 2011; Oliveira et al., 2006).  

Similarly, previous research works have further classified the types of lubrication 

processes (based on the amount of lubricant used) as either minimum quantity lubrication 

(MQL) or flood cooling. The MQL grinding involved using high pressured air and oil 

mixture. Recently, the  MQL oil mixture is composed of mineral oils with suspended 

nano-particles such as SiO2, MoS2 (Molaie et al., 2016; Tawakoli et al., 2011). 

Balan et al. (2013) studied the effect of MQL process parameters on the grinding of 

Inconel 751 material. They found that the MQL lubrication method produces a great 

reduction to the grinding energy, and thermally induced deformations. Moreover, it was 

found that by steadily increasing the MQL fluid flow rates, the surface roughness of the 

Inconel workpiece could be greatly reduced from 7.25µm to 2.36µm. Figure 2.31a & b 

shows the difference of surface quality found in CG process when dry grinding was 

conducted (see Figure 2.31a), and when the MQL was used (see Figure 2.31b). As seen 

from both figures, it could be confirmed that the MQL helps to achieve better surface 

integrity in the machined materials. 
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 (a) (b) 

Figure 2.31: Surface quality in CG grinding process (a) without MQL fluid (b) with 

MQL fluid (Balan et al., 2013). 

Sadeghi et al. (2009) compared the performance of the MQL with flood cooling 

lubrication process during the grinding of titanium alloy (Ti6Al4V) using mineral oil 

based lubricants. They found that when the mineral based oils were used as lubricants, 

there was a high reduction in the grinding forces and grinding energy, with resultant 

increase in surface integrity. Also, the synthetic oils were found to produce higher 

reductions of the grinding forces and surface roughness. Oliveira et al. (2006) came up 

with a composition of mineral oil grinding fluids which was made up of sulfonate castor 

oil (40%), water (35%), bactericide (5%), synthetic ester (15%), emulsifier agent (5%). 

The fluid was found to perform greatly just like the synthetic nano-fluids. It was found 

that the attrition wears were greatly reduced when the grinding operation was performed 

with this composition of fluid. The surface roughness and grinding forces were also found 

to decrease significantly.  

The introduction of ultrasonic vibrations into the grinding process was seen to result 

in even distribution of the grinding fluids around the grinding region (Peng et al., 2012). 

Moreover, Akbari et al. (2008) explained that in the wet UAG process, there was more 

than 30% reductions of grinding force, and about 40% decrease of grinding temperatures. 
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Molaie et al. (2016) explained that there was need for more awareness on the effect of 

grinding fluids to the environment, and risks to humans. In their work, they proposed the 

use of vegetable oil-based nano-fluids for the lubrication and cooling purposes. They 

investigated the effect of using MQL and oil based nano-fluids (MoS2) in the UAG 

process. They found that by using the vegetable oil nano-fluids in the grinding process, 

the grinding forces could be reduced significantly as a result of lower wears, and attritions 

on the tool. Similar investigations shows that the penetration of the grinding fluids into 

the contact area was higher in the UAG process. Also, there was substantial reduction of 

the grinding forces due to the even distribution of the lubricants around the grinding 

region (Jian-Hua et al., 2015). Generally, the improved lubrication due to ultrasonication 

was found to produce lower thermal damages, and lower grinding forces (Kalita et al., 

2012; Molaie et al., 2016; Qin et al., 2009; Verma et al., 2008; Zhang et al., 2015). 

Figure 2.32 shows the results from the experimental investigations carried out to 

compare the performance of different types of grinding fluids in both the CG and UAG 

processes. Different surface roughness values were obtained during grinding with dry 

grinding, flood cooling, and minimum quantity nano-lubrications. The dry grinding in the 

CG process was found to have the least surface quality of 1.3µm, and the flood cooling 

in the UAG process was found to give the best surface quality of about 0.28µm. This was 

attributed to the enhanced flushing of debris, and higher penetration of grinding fluids 

across the grinding region in the UAG process. Moreover, it was found that the Minimum 

quantity nano fluids gave almost similar results for surface quality as the flood cooling 

technique (Alves et al., 2006; Molaie et al., 2016). In general, it could be seen that the 

ultrasonic vibrations in the UAG process caused higher fluid penetration, and produced 

improved surface quality in the machine components. 
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Figure 2.32: Performance of CG and UAG on the surface roughness of ground 

components (Molaie et al., 2016). 

Investigation of the effects of fluid delivery techniques on the grinding of ceramic 

materials also revealed that the flow parameters of the MQL process, affects the 

performance of the ceramic grinding. For example, it was found that by synchronizing 

the jet speed of the MQL fluid with the speed of the grinding wheel, it would result to 

higher machining efficiency, and lower wheel loading. Also, effective fluid delivery 

could result to more than 80% increase of the MRR. However, when the quantity of fluid 

supplied was too high, the performance of the process was found to be highly reduced, 

producing higher tangential grinding forces, and non-uniform lubrications. As such the 

quantity and flow rate of the grinding fluid used should be moderate (Emami et al., 2014; 

Irani et al., 2007; Rowe, 2013).  
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2.9 Summary 

The use of advanced ceramics in biomedical and aerospace applications would bring 

about a great improvement to the components being used in these fields, due to the 

exceptional properties of these advanced materials which includes high hardness, high 

thermal strength, high corrosion resistance and resistance to chemical attacks.  

The conventional grinding of the advanced materials has so far been the most 

economic method of machining these materials. However, this process was found to be 

accompanied with many deformations such as surface/subsurface cracks, tool wears and 

high grinding forces. This unwanted phenomenon was found to produce negative effects 

on the performance of the ceramic materials. As such it is necessary to use other 

economical, and improved manufacturing techniques to machine these materials. The 

UAG system which is a hybrid process consisting of an ultrasonic system merged with 

the conventional grinding system has shown to be an alternative to the CG of advanced 

materials. Studies on the performance of the UAG process during the machining of brittle 

and ductile materials have shown that the introduction of ultrasonication into the grinding 

process significantly enhances the material removal rates and surface integrity. Moreover, 

the UAG process was also found to greatly reduce the grinding forces (Molaie et al., 

2016).  

In this section, the performance of machining advanced materials using UAG and CG 

processes from previous works have been reviewed. The findings show that the grinding 

forces decreases by about 50% in the UAG process as compared to the CG process, with 

about 45% increase in the G-ratio. Also, it was found that the ultrasonication process 

produces different kinds of effect on the individual grinding forces. The ultrasonication 

was found to produce more than 32% reductions in the normal grinding forces, and about 

34% reductions of the tangential grinding forces (Molaie et al., 2016). The UAG process 
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was found to achieve higher depths of cuts, up to 64% of that which was achievable in 

the CG process. Moreover, the findings from previous research works indicate that the 

surface roughness of the components produced using the UAG process was found to be 

greatly improved by more than 20%. However, the extent of the residual stress in the 

UAG process was found to be higher than in the CG process.  

Studies have shown that the UAG process parameters such as feed rate, grain size, 

wheel speed, depth of cut, and most importantly, amplitude of vibration, were found to 

have a huge effect on the properties of the machined components. The results obtained 

from previous works show that the effects of the process parameters on the performances 

for both the CG and UAG process has been analyzed critically. It was found that rate of 

formation of subsurface damages during the UAG process was directly proportional to 

the feed rate, depth of cut and amplitude of vibration. Moreover, at higher cutting speeds 

and lower amplitudes of vibration, the subsurface damages from the UAG process was 

found to reduce significantly. Furthermore, for optimal performance of the UAG process 

in terms of reduced tool wear, the vibration amplitudes should be within the range of 

6.5𝜇m and 7.5𝜇m. In other to obtain better surface integrity, the table feed rate should not 

exceed 3m/s during the grinding process because better surface roughness are achieved 

at lower feed rates. 

Also, the use of biodegradable lubricants was found to improve the machining 

performance during the UAG operations. The biodegradable lubricants were seen to 

perform remarkably well just like the non-biodegradable ones. Due to the inexpensive 

and environmentally friendly nature of the biodegradable lubricants, they were 

considered to provide great advantage in terms of economic benefits without posing any 

environmental hazards or risks. 
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From the above general literature review, it could be seen that many studies have been 

conducted on investigating the effect of grinding operations on several engineering 

ceramics and super-alloys. However, there was no study conducted on the grinding of 

Si3N4 ceramic using UAG technique. Hence, this work involves studying the effect of 

different types of lubrication systems, and the effect of applying ultrasonication on the 

work material during grinding of Si3N4 ceramic. 
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CHAPTER 3: COMPARATIVE STUDY ON THE PERFORMANCE OF THE 

MQL NANO-LUBRICANT AND CONVENTIONAL FLOOD LUBRICATION 

TECHNIQUES DURING GRINDING OF Si3N4 CERAMIC 

3.1 Introduction 

The minimum Quantity Lubrication (MQL) process has been explained by in previous 

works to be a better alternative to the flood cooling lubrication system during grinding of 

advanced engineering ceramics. In this section, a comparison between the performance 

of the MQL and flood cooling lubrication techniques during grinding of Si3N4 ceramic is 

presented. The MQL nano-lubricant was formed by suspending silicon dioxide (SiO2) 

nanoparticles in environmentally friendly vegetable oil (canola oil). The effect of the 

input parameters i.e. feed rate, depth of cut, type of diamond wheel and lubrication type, 

were investigated on the output parameters i.e. grinding forces, work piece surface 

roughness, surface damages and wheel wear. Taguchi mixed level parameter 

experimental design (L16) was used in the design of experiment, and the signal to noise 

ratio was used to optimize the grinding process. Furthermore, adaptive neuro fuzzy 

inference system (ANFIS) prediction method was used to predict and analyze the 

variation of the input parameters with the grinding forces and surface roughness. 

3.2 Literature Review 

Silicon nitride (Si3N4) is a precious advanced engineering ceramic that is highly 

desired for different applications in various fields due to its excellent mechanical and 

physical properties. The excellent properties of the Si3N4 ceramic makes it highly 

applicable in engineering applications such as cutting tools, bearings, thermal resistors, 

and combustion chambers (Zhang et al., 2012). Moreover, the Si3N4 ceramic is also highly 

biocompatible and characterized by low wear rates. This makes it a perfect candidate in 

hip joint replacement surgeries and biomedical applications. Furthermore, studies have 
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shown that the tiny worn out debris of the Si3N4 could be gradually liquefied and resorbed 

in vivo, thereby decreasing the possibility of aseptic loosening (Olofsson et al., 2012).  

However, the high strength and high brittleness of the Si3N4 ceramic makes it very 

difficult to cut, thereby causing great increase in its machining cost (Desa et al., 2001). 

An economical method of machining the Si3N4 ceramic requires the utilization of 

diamond grinding. This is because grinding ceramics using diamond wheels is still the 

most effective method of machining the Si3N4 ceramics and achieving high surface 

quality in highly precise sizes and shapes. In fact, the major limitation that is currently 

being encountered in the widespread usage of the Si3N4 ceramic is the need for efficient 

grinding of the ceramic material (Garshin, 2009). Also, the incessant wear experienced 

by the diamond wheel during the grinding of Si3N4 results in both surface and subsurface 

damages on the workpiece. As such, the wear of the diamond wheel during grinding of 

the advanced ceramics was among the widely analyzed areas in previous works 

(Dambatta et al., 2017). Also, the porosity and wheel loading ability of the grinding wheel 

have been found to significantly affect the performance of the grinding process. This is 

because high wheel porosity have been found to increase the wheel loading and 

embedment of nanoparticles inside the wheel’s bond  (Kuffa et al., 2016).  

Studies have shown that the machining and finishing of advanced engineering 

ceramics constitutes more than 50% of the total manufacturing cost of the fabricated 

components. While the cost of grinding Si3N4 could constitute over 80% of the cost of 

the ceramic components (Lee et al., 2014). Moreover, literatures have indicated that the 

main obstacle to the widespread usage of the advanced engineering ceramics are the 

various degrees of damages inflicted on the ceramics during the grinding process (Spur 

et al., 1985). Also, it has been reported that the subsurface damages induced by the 
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grinding process on the manufactured ceramic affects its quality by reducing the fracture 

strength and abrasion wear resistance (Desa et al., 2001). 

Much effort has been channeled into improving the machinability of the advanced 

engineering ceramics aimed at reducing the machining costs, through investigation of the 

material removal modes, wheel wear, optimization of the machine variables, and 

utilization of more effective lubrication systems (Gates et al., 1999). Recent studies have 

shown that although the advanced engineering ceramics are brittle, their machinability 

could still be done in a ductile mode thereby achieving high quality surface finish. As 

such, achieving ductile machining mode is one the key ways of improving the machining 

of the advanced engineering ceramics (Sreejith, 2005). Investigations by Wang et al. 

(1997) indicates that the main types of surface damage during grinding operations are 

microplastic deformations, exfoliation, microcracks and macrocracks. Furthermore, small 

median cracks are also types of subsurface damages often developed below the plastic 

deformation zone, vertical to the ground surface. Moreover, the lateral cracks which are 

developed around the median cracks, are usually parallel to the ground surface. These 

subsurface cracks are often created by residual elastic stress as a result of contraction or 

relaxation of the deformed layers around grinding zone (Dambatta et al., 2017).  

There have also been many studies focused on decreasing the grinding wheel wear and 

cost of machining, and simultaneously increasing the efficiency of the grinding process 

during diamond grinding of the advanced engineering ceramics. Two identified methods 

of achieving improved efficiency and reducing cost are improvement in the lubrication 

and optimization of the parametric settings of the grinding process (Emami et al., 2014). 

Studies have shown that the type of lubrication utilised in the grinding operations greatly 

affects the performance of the machining process such as wheel life, surface quality and 

energy expended (Fratila, 2010). Lubricants have been found to improve the material 
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removal rates and subsequently lowering the subsurface damages compared to the dry 

grinding process (Desa et al., 2001). Furthermore, the grinding fluids help in evacuation 

of debris/heat around the grinding zones. 

Boswell et al. (2017) reported that the dry grinding process is characterized by intense 

wheel wear, while the flood cooling process helps to reduce wheel wear. Although the 

Castrol oil used in the flood cooling possess many benefits, the fact that it is non-

biodegradable is a major setback because it is hazardous to both the operators and the 

environment. Recently, studies are being focused on the use of biodegradable vegetable 

oils as lubricants in the grinding process (Nik et al., 2012).  

Studies have shown that the minimum quantity lubrication (MQL) helps to reduce the 

grinding forces significantly, wheel wear and surface roughness of the workpiece 

materials compared with the conventional flood cooling systems. The MQL system using 

suspended nano-particles in oil has so far been found to out-perform the conventional 

flood cooling system (Kuffa et al., 2016). Several investigations have been conducted to 

study the performance of SiO2 nanoparticles as a solid lubricant in machining operations. 

This is because the SiO2 nanoparticles have a very high hardness and relatively costs 

lesser than other nanoparticles (Sarhan et al., 2012a). From the findings of various works, 

it could be seen that the SiO2 nanolubricant performs greatly in machining of superhard 

materials. This is because the solid lubricant is capable of withstanding high impact 

pressure and temperatures of the grinding zones. 

Analysis of the morphology and geometrical shapes of grinding chips has also shown 

that the lubrication/cooling method employed in the machining process significantly 

affects its overall performance (Wang et al., 2016). In addition, the use of solid lubricants 

which are transported into the grinding zone with environmentally friendly oils in the 

MQL process has been established to be highly economical and efficient technique of 
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improving the efficiency of the grinding process (Molaie et al., 2016). Further studies 

have shown that that the properties of the oil, and the nature of the grinding wheel used 

in the MQL process significantly affects the outcome of the machining process (de Souza 

Ruzzi et al., 2017).  

According to the previous review of literature, there are many reports on grinding of 

advanced engineering ceramics using different types of lubrication techniques. However, 

the report about application of SiO2 nanolubricant in Minimum Quantity Lubrication 

(MQL) for grinding silicon nitride (Si3N4) using ANFIS modelling analysis approach has 

not been reported. 

In this work, an experimental analysis using Taguchi design of experiment has been 

done to analyze the effects of grinding parameters, and different kinds of lubricants during 

grinding of Si3N4 advanced engineering ceramics. The effects of the process parameters 

on the grinding forces and surface quality have been studied. In addition, the effects of 

the type of wheel bonding on the response parameters were also investigated. Also, the 

performance of the MQL nano lubricant (SiO2 based) was compared with the flood 

cooling lubricant. Moreover, the signals to noise ratio of the results from the Taguchi 

based experiment were used to obtain the optimum parameter settings. Lastly, an ANFIS 

prediction model was developed in other to analyze the relationship between the input 

and output parameters. 

3.3 Mechanism of material removal 

Studies have shown that the material mechanism in brittle materials is characterized 

by crack propagation. These cracks can be either median cracks or lateral cracks. During 

the material removal process, there seem to occur an elastic region which is formed due 

to plastic deformations as illustrated in Figure 3.1. The edge of the elastic region is also 

characterized by high residual stress and is called the plastic zone (Wang et al., 2015). 
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Figure 3.1: Material removal in brittle materials. 

Previous works have shown that when the nanoparticle concentration of the nanofluid 

is increased, the coefficient of friction and grinding energy decreases significantly. Due 

to SiO2 nanoparticles characterized by high bending strength and good lubrication 

capability (Sayuti et al., 2013), it is expected that the nanofluid would improve the 

lubrication by creating tribo-films in the grinding zone, thereby improving workpiece 

surface quality, wheel life  and reducing the grinding forces significantly. The lubrication 

mechanism of the nanoparticle is characterized by deformation and fracture of the 

nanoparticles, which lead to the formation of the thin tribo-films, thus significantly 

reducing the asperities in the grinding region (see Figure 3.2). The mechanically formed 

tribofilm is often developed between two or more interfaces at low temperatures. The 

tribofilms are often formed from the nanoparticles, the debris from the work material and 

the wheel bond material. The composite formed by these materials is often referred to as 

mechanically mixed layer. The tribofilm, now a principal player in tribology helps to 

significantly reduce the frictional forces, thereby reducing the tangential forces (Biswas, 

2000).  
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Furthermore, two types of diamond grinding wheels (each with a wheel speed of 

63m/s) were used to conduct the experimental investigation. The specifications of the 

diamond grinding wheels are SD120M100M and SD120M100B for the metallic and 

resinoid bonded wheels respectively. Prior to performing each experimental run, the 

diamond wheels were dressed well using Norton’s 38A150-I8VBE handheld diamond 

wheel dresser. The diameter, thickness and hole-diameter of grinding wheel are 200mm, 

5 mm and 31.8mm respectively. Sintered Si3N4 ceramic blocks of sizes 

50mm×20mm×10mm and properties given in Table 3.1 were used as the workpiece 

material.  

Table 3.1: Properties of Si3N4 material 

Material type Si3N4 ˃98% 

Flexural strength (MPa) @ RT 700-800 

Density ( g/cc ) 3.2 

Dielectric constant  8 

Coefficient of thermal expansion at RT-1000°C  3.1 

Thermal shock parameter (°C) 610 

Thermal conductivity at 25 °C ( W m-1 K-1 ) 42 

Hardness – HV (0.3)  kg/mm2 1450 

Fracture toughness ( MPa/m1/2 ) 6 

Poisson’s ratio 0.28 

% Open porosity 0 

The two types of lubricants used in the grinding process are conventional flood cooling 

(20% castrol oil mixed with water), and MQL nano-fluid (produced by suspending 4% 

by weight of pure silicon dioxide nanoparticles in canola vegetable oil. The mechanical 

properties of the SiO2 nanoparticle used in this work are listed in Table 3.2. In addition, 
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the nano fluid was formed by mixing the SiO2 nanoparticles with vegetable oil followed 

by sonication in an ultrasonic bath with settings 240 V, 40 kHz, 500W for 45mins. The 

mixing procedure was done according to (Ooi et al., 2015). 

Table 3.2: Mechanical properties of SiO2 

Properties SiO2 

Size 5-15nm 

Structure Amorphous 

Specific heat 1.0J/g-K 

Thermal expansion coefficient 5.6×10-7/K 

Melting point  ~1600 ºC 

Density  2.2 g/cm3 

Dielectric constant 3.9 

Dielectric strength 107 

Thermal conductivity at 330K (W/cm-K) 0.014 

The factors and levels of the process parameters considered in this work were chosen 

based on the limits of the surface grinding machine, and are summarized in Table 3.3. 

An L16 (42 22) Taguchi orthogonal array design formed on the Minitab-17 software was 

used to reduce the number of experimental runs. The Taguchi experimental design is 

shown in Table 3.4. Additionally, studies have shown that effectiveness of MQL process 

depends on the size and incident angle of the MQL droplets. As such, the WINMIST WT-

01 MQL equipment was used to effectively deliver the nano fluid into the grounding 

region with nozzle inclination angle of 30°. Also, previous works have shown that the 

size of nanofluid delivered into the grinding zone depends on the air pressure and flow 

rates (Balan et al., 2013). Thus, the process parameters such as air pressure, lubricant and 
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airflow rates were kept constant at 0.8MPa, 150ml/h and 30L/min respectively according 

to the optimal settings obtained by (Sayuti et al., 2013).  

Table 3.3: Experimental parameters (factors and levels) 

Symbol Parameter Level – 1 Level - 2 Level – 3 Level – 4 

A Feed rate (m/min) 10 15 18 23 

B Depth of cut (µm) 5 10 20 30 

C Wheel type Metallic Resinoid 

 
D Lubrication type MQL 

Flood 

cooling 

Table 3.4: Taguchi experimental design 

S/N Parameter 

A B C D 

1 1 1 1 1 

2 1 2 1 1 

3 1 3 2 2 

4 1 4 2 2 

5 2 1 1 2 

6 2 2 1 2 

7 2 3 2 1 

8 2 4 2 1 

9 3 1 2 1 

10 3 2 2 1 
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Table 3.4, continued  

The experimental runs were conducted according to the Taguchi design shown in 

Table 3.4. The average grinding force from each grinding pass was acquired with Kistler 

type- 9272 dynamometer. The signals acquired were channeled through a Kistler 5019 

charge amplifier. The final intensified force data was the acquired with a Tektronix TDS-

2001C oscilloscope. Furthermore, the surface roughness of each run was acquired using 

the Mitutoyo SJ-210 profilometer at 0.8mm cut-off value. 

Also, the grinding induced surface damages were investigated using a field emission 

scanning electron microscope (FESEM). Before each FESEM analysis, the samples were 

cleaned prior to examination, the ground specimens were cleansed using acetone solution. 

 

 

 

 

S/N A B C D 

11 3 3 1 2 

12 3 4 1 2 

13 4 1 2 2 

14 4 2 2 2 

15 4 3 1 1 

16 4 4 1 1 
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3.5 Experimental results and analysis 

The results obtained from the grinding process after each experimental run for the 

grinding forces and surface roughness are provided in Table 3.5.  

Table 3.5: Measured Grinding Forces and Surface Roughness. 

Exp. no.  A  B  C . D Fn (N) Ft (N) Ra (µm) 

1  1  1 . 1 1 69.33 22.33 0.16 

2 1 2 1 1 78.93 30.13 0.19 

3 1 3 2 2 92.20 49.40 0.46 

4 1 4 2 2 120.27 70.73 0.50 

5 2 1 1 2 78.93 34.13 0.31 

6 2 2 1 2 88.00 40.72 0.47 

7 2 3 2 1 82.73 29.20 0.42 

8 2 4 2 1 94.60 34.53 0.45 

9 3 1 2 1 64.53 26.67 0.30 

10 3 2 2 1 68.40 41.60 0.45 

11 3 3 1 2 126.53 96.20 0.51 

12 3 4 1 2 132.60 108.80 0.63 

13 4 1 2 2 92.00 40.00 0.53 

14 4 2 2 2 118.00 55.00 0.69 

15 4 3 1 1 108.67 90.00 0.73 

16 4 4 1 1 112.60 110.44 0.77 

3.5.1 Analysis of results 

The Taguchi experiment design process is an important tool that is used to significantly 

reduce the number of the experimental runs in a given investigation. The technique is 

used to analyze orthogonal arrays and investigate the effects of various variables on 
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output parameters. The Signal to noise (S/N) is defined as the ratio of the desired signal 

to undesired noise, and it indicates levels of disparity of the desired results as an objective 

function. Moreover, the S/N ratio could be used to obtain the variation of the input 

variables via the analysis of variance. To optimize a given process, the S/N ratio as an 

objective function could be selected as either smaller is better, higher is better or nominal 

is better.  

In this work, since the aim is to obtain optimal values for the grinding process 

parameters, an optimal setting of the input parameters will result in smaller values of 

grinding forces and also the surface roughness. As such, the smaller the better response 

was selected to optimize the grinding process parameters. Equation 3.1 gives the formula 

for the S/N ratio for the smaller-is-better S/N ratio condition.  

S= -10Log
1

n
∑ Y2n

1            (3.1) 

Where n is the number of runs and Y is the result obtained from the experiment. 

Table 3.6 shows the results obtained from each experiment. It could be seen that the 

maximum value of S/N ratio for normal grinding force was obtained in experimental run 

9 i.e. when the settings are feed rate of 18m/min (level 3), depth of cut of 5µm (level 1), 

resinoid bond (level 2) and MQL lubrication (level 1). Hence, experimental run 9 is 

considered the optimal setting for normal grinding force 
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Table 3.6: Experimental Results 

Run 

no. 

Fn (N) Ft (N) Ra (µm) 

Fn SNR

A1 

PSNR

A1 

Ft SNRA1 PSNR

A1 

Ra SNR

A1 

PSN

RA1 

1 69.33 -36.82 -36.45 22.33 -26.98 -27.60 0.16 15.70 15.71 

2 78.93 -37.95 -37.63 30.13 -29.58 -30.29 0.19 14.38 12.99 

3 92.2 -39.30 -40.27 49.4 -33.88 -33.84 0.44 6.68 7.51 

4 120.27 -41.60 -41.31 70.73 -36.99 -35.69 0.5 6.11 6.66 

5 78.93 -37.95 -38.17 34.13 -30.66 -29.42 0.21 10.16 10.45 

6 88 -38.89 -39.35 40.72 -32.20 -32.11 0.25 6.62 7.72 

7 82.73 -38.36 -38.07 29.2 -29.31 -29.78 0.42 7.49 6.93 

8 94.6 -39.52 -39.12 34.53 -30.76 -31.63 0.45 6.92 6.09 

9   64.53 -36.20 -36.20 26.67 -28.52 -28.44 0.30 10.55 10.76 

10 68.39 -36.70 -37.38 41.6 -32.38 -31.13 0.45 6.86 8.03 

11 126.53 -42.04 -41.38 96.2 -39.66 -39.94 0.21 5.83 4.63 

12 132.6 -42.45 -42.43 108.8 -40.73 -41.80 0.23 3.97 3.78 

13 92 -39.28 -39.42 40 -32.04 -32.75 0.53 5.56 5.06 

14 118 -41.44 -40.61 55 -34.81 -35.44 0.69 3.22 2.33 

15 108.67 -40.72 -40.69 90 -39.09 -38.38 0.29 2.69 3.62 

16 112.6 -41.03 -41.74 110.44 -40.86 -40.23 0.26 2.31 2.77 

The Taguchi analysed results for the normal grinding force from the experiments is shown 

in Table 3.7. It was found that the depth of cut has the highest delta value. This means it 

has the highest effect on the normal grinding force. The type of lubrication system 

employed during the grinding experiment has the second highest influence on the normal 

grinding force. The feed rate and the type of grinding wheel have the least effects on the 

normal grinding force. In addition, the mains effect plot of the S/N ratio for normal 
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grinding force is shown in Figure 3.4. The characteristics of the S/N ratio of the normal 

grinding force relative to each process parameter and the corresponding levels are given 

in Table 3.7. It shows the effect and rank of the parameters according to delta statistics 

which involves comparing the relative magnitude of the effects from each parameters. In 

other to obtain a delta value, the maximum value obtained from each parameter is 

subtracted from the minimum experimental value obtained. 

Table 3.7: Response Table for Signal to Noise Ratio for normal grinding force. 

Level Feed rate 

(m/min) 

Depth of cut 

(µm) 

Wheel type Lubrication 

1 -38.92 -37.56 -39.73 -38.41 

2 -38.68 -38.74 -39.05 -40.37 

3 -39.35 -40.10 - - 

4 -40.62 -41.15 - - 

Delta 1.94 3.59 0.68 1.96 

Rank 3 1 4 2 
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Figure 3.4: Main effect plot for SN ratio- normal grinding force. 

The results of the analysis of variance for the tangential grinding force are given in 

Table 3.8. It could be seen that that the depth of cut has the highest effect on the tangential 

grinding force. The feed rate has the second highest influence on the tangential grinding 

force. The kind of lubrication system and type of grinding wheel utilized have the lowest 

effect on the tangential grinding force. Furthermore, the mains effect plot of the S/N ratio 

for tangential grinding force is illustrated in Figure 3.5. The results of S/N ratio shows 

that the maximum value of S/N ratio for the tangential grinding force occurred in the 

experimental run 1 i.e. when the settings are feed rate of 10m/min (level 1), depth of cut 

of 5µm (level 1), resinoid bond (level 1) and MQL lubrication (level 1). 
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Table 3.8: Response Table for Signal to Noise Ratio for tangential grinding force. 

Level Feed rate 

(m/min) 

Depth of cut 

(µm) 

Wheel type Lubrication 

1 -38.86 -29.55 -34.97 -32.18 

2 -30.73 -32.24 -32.34 -35.12 

3 -35.32 -35.48 - - 

4 -36.70 -37.34 - - 

Delta 5.97 7.79 2.63 2.94 

Rank 2 1 4 3 

 

Figure 3.5: Main effect plot for SN ratio-Tangential grinding force. 

Also, as shown in Table 3.9, the maximum value of S/N ratio for the surface roughness 

results was in experimental run 1. The mains effect plot of the S/N ratio for surface 

roughness is illustrated in Figure 3.6. It could be concluded that the optimum parameter 

setting for the surface roughness is feed rate of 10m/min (level 1), depth of cut of 5µm 

(level 1), resinoid bond (level 1) and MQL lubrication (level 1). Also, the table of signal 
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to noise ratio presented in Table 3.9 indicated that most influential parameter is the feed 

rate, followed by the depth of cut and then the lubricant employed in the process. The 

type of grinding wheel used has the least significant effect on the surface roughness of 

the machined parts. 

Table 3.9: Response Table for Signal to Noise Ratio for surface roughness 

Level Feed rate 

(m/min) 

Depth of cut 

(µm) 

Wheel type Lubrication 

1 10.718 10.492 7.708 8.361 

2 7.797 7.769 6.672 6.018 

3 6.799 5.672   

4 3.445 4.825   

Delta 7.273 5.668 1.036 2.343 

Rank 1 2 4 3 

 

Figure 3.6: Main effect plot for SN ratio-surface roughness. 
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3.5.2 ANFIS Modelling 

The ANFIS is an artificial intelligence technique which is used to represent the 

relationship between non-linear data by hybridizing intelligent algorithms in other to 

achieve optimum values of chosen membership functions (Jang et al., 1997). ANFIS is 

built by combining the learning capabilities of artificial neural network with the 

variability fuzzy logic as illustrated in Figure 3.7. 

 

Figure 3.7: Neuro-fuzzy system. 

The ANFIS model in this work was built on the ANFIS editor of MATLAB-R2015a 

software. The Sugeno inference system was used to construct the ANFIS model for the 

four set of input parameters with the response parameters. An example of the ANFIS 

structure is shown in Figure 3.8 for the tangential grinding force (Ft). 

Moreover, the constructed ANFIS inference system consists of five layers as illustrated 

in Figure 3.9a. The developed layers were used to in the learning process of the Sugeno-

type fuzzy interface system (FIS) to develop the knowledge base and integration of the 

intelligent process.  The actual architecture of the Sugeno ANFIS model is shown in 

Figure 3.9b. 
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Figure 3.8: An example of the Sugeno Fuzzy inference system for the Tangential 

force. 
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(a) 

 

(b) 

Figure 3.9: (a) Trained ANFIS model (b) Architecture of the Sugeno ANFIS model. 
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Layer 1 

The input fuzzification is carried out in this region, and it is made up of nodes and 

junctions. The closeness of the input with the linguistic labels is indicated by the output 

of each node. In this work, due to the non-linear relation existing between the grinding 

parameters and the output responses, the generalized bell-shaped membership structure 

was selected. The mathematical representation of the membership functions is shown in 

Equation 3.2, 3.3, 3.4 and 3.5 considering the input parameters. 

Ai(w) = exp [−0.5 (
w−ai1

bi1
) 2]        (3.2) 

Bi (x) = exp [−0.5 (
x−ai2

bi2
) 2]        (3.3) 

Ci (y) = exp [−0.5 (
y−ai3

bi3
) 2]        (3.4 

Di (z) = exp [−0.5 (
z−ai4

bi4
) 2]        (3.5) 

Where ai1, ai2, ai3, ai4, bi1, bi2, bi3 and bi4 denotes the set of input variables 

A full transformation is observed in the structure of the generalized bell membership 

functions (MF) as compared to its initial form due to the change in input variables. The 

principle parameters represented by the linguistic symbols Ai, Bi, Ci, and Di are the 

components of MF. 

Layer 2 

The developments of the database of the fuzzy set are performed in this layer. In this 

region, the computation of the weights, based on prescribed rules is done in each node. 

These nodes are considered as the rule nodes. Equation 3.6-3.8 show the response in the 

top and bottom neurons. 
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α1= A1 (w) × B1 (x) × C1 (y) × D1 (z)      (3.6) 

α2= A2 (w) × B2 (x) × C2 (y) × D2 (z)      (3.7) 

.        .            .              .             . 

.        .            .              .             . 

αn= An (w) × Bn (x) × Cn (y) × Dn (z)      (3.8) 

Layer 3 

Layer 3 is responsible for building the base of the fuzzy rule.  The firing weights of 

each node in this layer is normalized by labelling each node as N. The result obtained 

from the top and bottom neurons is normalized using Equation 3.9-3.12 respectively. 

β1= α1

α1+α2+ α3+α4
         (3.9) 

β2= α2

α1+α2+ α1+α2
         (3.10) 

β3= α3

α1+α2+ α3+α4
         (3.11) 

β4= α4

α1+α2+ α3+α4
         (3.12) 

Layer 4 

Layer 4 is the decision-making region. To obtain outputs in this layer, the previous 

results/nodes are multiplied as shown in Equation 3.13, 3.14 and 3.15. This is simply 

the product of the normalized firing weights and the rules of each output. 

β1z1= β1 (a1w + b1 x + c1 y + d1 z)      (3.13) 

β2z2= β2 (a2w + b2 x + c1 y + d2 z)      (3.14) 

.             .              . 

.             .              . 

βnzn= βn (anw + bn x + cn y + dn z)      (3.15) 
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Layer 5 

Layer 5 is known as the output defuzzification region. This is the region where the 

ANFIS model represents each input by using two rules and two linguistic variables. 

Moreover, in this layer, the calculated weighted value for the output in terms of the 

preceding signals is indicated by a single node. Equation 3.16 shows the mathematical 

representation. 

U=β1N1 + β2N2+β3N3 + β4N4       (3.16) 

Since the crisped training data ((ak, bk ), k=1, . . . ,k) are provided, the developed hybrid 

neural network model could learn using the back propagation method. Also, Equation 

3.17 presents the error developed during the training process. 

Ek= (bk-ok)2         (3.17) 

Where bk is the expected output value and ok is the calculated output value obtained 

from the developed hybrid neural network (Azar, 2013). 

The experimentally measured result of grinding forces and surface roughness obtained 

from the experiment was used as the input training data of the ANFIS model. The ANFIS 

model was then developed according the method explained by authors’ (Maher et al., 

2015). The generalized bell (gbell) membership function was selected for establishment 

of fuzzy rules, due to the non-linear relationship between the input and output variables. 

The ANFIS models for the normal grinding force, tangential grinding force and surface 

roughness were trained for 100 epochs using 16 set of rules obtained from the Taguchi 

design. Lastly, the average epoch error of the developed model for normal grinding force, 

tangential grinding force and surface roughness were obtained as 1.287×10-4, 6.1113×10-

5 and 4.844×10-7 respectively. 
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3.5.2.1 Verification of ANFIS Model 

The accuracy of the ANFIS model was confirmed from four additional experiments. 

The parametric settings of the validation experiment are given Table 3.10. The accuracy 

of the ANFIS model was obtained using Equation 3.18. In addition, a the responses 

obtained in the ANFIS predicted and experimental runs  for the normal grinding force, 

tangential grinding force, and surface roughness in the verification experiments are shown 

in Figures 3.10, 3.11 and 3.12 respectively. The ANFIS models for the normal grinding 

force, tangential grinding force and surface roughness were found to have accuracies of 

98.45%, 98.58% and 96.31% respectively. This indicates high prediction accuracy of the 

developed ANFIS models.  

Accuracy A = 𝟏

𝑵
∑ (𝟏 − 

𝑽𝒆𝒙𝒑.−𝑽𝒑𝒓𝒆𝒅.

𝑽𝒆𝒙𝒑.
)𝑵

𝒊=𝟏  × 100%     (3.18)   

Where N is the total number of experiments conducted for the verification. 

Table 3.10: Settings for validation experiments 

Exp. 

no. 

A B C D Measured Predicted 

Ft (N) Fn (N) (Ra) 

µm 

(Ft) N (Fn) N (Ra) 

µm 

1 1 1 2 2 45 34 0.33 43.9 33.4 0.32 

2 2 2 1 1 36 82 0.312 35.6 83.5 0.335 

3 3 1 1 2 38 95 0.33 37.4 94.5 0.323 

4 4 2 1 2 57 128 0.667 56.4 126 0.682 Univ
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Figure 3.10: Tangential grinding force - ANFIS predicted vs measured. 

 

Figure 3.11: Normal grinding force - ANFIS predicted vs measured. 
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Figure 3.12: Surface roughness - ANFIS predicted vs measured. 

3.6 Discussions 

This study involves an experimental investigation of the grinding process using 

different kinds of diamond wheels and lubrication system. Moreover, the effect of the 

grinding process parameters, type of diamond wheels, and the lubrication system on the 

grinding forces and the surface quality during grinding of advanced engineering ceramics 

has been studied critically. Furthermore, an ANFIS modelling approach was used to 

analyze the grinding forces and the surface roughness. 

3.6.1 Effect of parameters on normal grinding force 

The effect of the grinding process parameters on the normal grinding force during 

grinding of Si3N4 engineering ceramic was investigated. The normal grinding forces occur 

as a result of the impact of the perpendicular pressure exerted from grinding wheel onto 

the workpiece material. Previous studies have shown that during grinding operations, the 

MQL lubrication technique has the ability to improve the tool life, surface quality and 
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significantly reducing the energy expended during the grinding operations. The resultant 

increase in lubrication action results in significant reduction of the normal grinding forces 

(Kalita, et al., 2012) . Specifically, MQL nano lubrication has been seen to reduce the 

normal grinding force by about 25%, through the formation of thin tribo-films around the 

grinding region (Dambatta et al., 2017; Molaie et al., 2016). However, when the depth of 

cut is increase and the grinding wheel has to cut deeper, the performance of the lubrication 

oils tends to reduce significantly. This reduced performance could be as a result of both 

ineffective delivery of the lubricants into the grinding zone and increased frictional 

activity. Poor lubrication has been to result in increased mechanical overstress on both 

the wheel and work material during impacts, thereby causing several deformations to 

occur on both the wheel and the workpiece material. These deformations include 

reduction of the surface quality, grain break-off from the grinding wheels, and abrasive 

grits detachment from the bond. The deformations on the grinding leads to intense wear 

thereby resulting to increase in normal grinding force. Furthermore, due to difference in 

wear-ability between different types of grinding wheels, the rate of increase in the normal 

grinding force differs. For instance, it was observed that the rate of wear on the resinoid 

bonded diamond wheel is greater than the on metallic bonded wheel. This is due to the 

difference in both the bond strength and toughness of both bond types. 

The main intention of using the MQL system is to reduce the amount of lubricant used 

in the grinding operations. Although the MQL system uses pressurized air to create a mist 

of cooling lubricant which is directly sprayed on the wheel’s surface, yet only a thin film 

of lubricant spreads across the wheel’s surface. This makes the MQL grinding to be a 

near dry grinding phenomenon. However, due to the presence of the suspended 

nanoparticles in the MQL oil, the tribological of the properties of the oil is highly 

increased thereby enhancing the lubricity of the MQL process. 
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In this work, the normal grinding forces have been found to have little dependence on 

the kind of lubrication system used in the grinding operations. Using the ANFIS model 

analysis, the viewer shown in Figure 3.13a shows that the type of lubricant employed in 

the grinding process significantly affects the process. The process involving the MQL 

nano lubrication has much lower normal grinding force compared to when the flood 

coolant was used. Similarly, the Phenolic resinoid bonded wheel have lower normal 

grinding force compared to the metallic bonded ones. Although, the normal grinding force 

exerted by wheel types increases with increase in both the depth of cut and feed rate, the 

force observed in the resinoid bonded wheels is much lower than the metallic bonded 

ones at high depths and speed. Furthermore, the resinoid bonded wheels exhibit higher 

deformation such as bond softening and deeper embedment of the diamond grains, which 

results in reduced number of cutting edges, thereby resulting in higher forces and bond 

wear at high depth of cuts. Moreover, the bond wear was found to be higher in the resinoid 

bonded wheels because of lower grain retention forces compared to the metallic bonded 

wheels. In addition, as seen in Figure 3.13b, both the feed rate and depth of cut have 

direct proportional relationship with the normal grinding force. 
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(a) 

 

(b) 

Figure 3.13: Effect of process parameters on normal grinding force (a) Type of 

lubrication vs wheel type (b) Feed rate vs depth of cut. 

3.6.2 Effect of parameters on tangential grinding force 

The tangential grinding force and the grinding power are two response parameters that 

are mainly dependent on the lubrication system. Previous reports have shown that the heat 

generated during grinding operations can be reduced by significantly reducing the friction 

using lubricants with a strong lubricating ability. Although the MQL process does not 

have a better cooling action compared with the flood coolants, the SiO2 nano particles 
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due to their high bending strength and stability were capable of decreasing the frictional 

forces around the grinding zone (Sarhan et al., 2012b). 

In this section, it has been found that the tangential grinding force was significantly 

reduced by the MQL lubrication technique. This indicates that the silicon dioxide nano 

particle helps to lower the frictional force and allows for ease sliding of the wheel over 

the workpiece material i.e. increased lubrication. This observation could be seen from the 

ANFIS model results shown in Figure 3.14. Similarly, in the experiments conducted 

using the flood cooling, it was found that the tangential grinding force increases steadily 

from 35N at 5µm depth to over 100N at 30µm. However, from Figure 3.14b it could be 

seen that when the MQL technique was utilised, the rise in the recorded tangential 

grinding forces from the lower to higher depths was not so significant. This shows that 

the MQL system helps to significantly reduce the frictional force even at higher depths. 

This is because the nano particles were able to form a tribo-film on the surface of the 

grinding wheel which helps to reduce friction. In general, the MQL nano-lubrication 

system was found to offer greater reduction to the tangential grinding force than the flood 

cooling process. This results agrees with the findings of authors’ (Molaie et al., 2016). 

Furthermore, the feed rate was observed to significantly affect the tangential grinding 

force. As shown in Figure 3.14a, the feed rate exhibits a directly proportional relationship 

with the tangential grinding force. The same trend was observed in both the metallic and 

resinoid grinding wheels. However, the tangential grinding forces at higher feed rates in 

the metallic bond wheel than the resinoid bond wheel.  
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(a) 

 
(b) 

Figure 3.14: Effect of process parameters on Tangential grinding force (a) Feed rate 

vs Wheel type (b) Lubrication vs Depth of cut. 

3.6.3 Effect of parameters on surface quality 

Additionally, several studies have been conducted to investigate the effect of the 

grinding process parameters on the surface roughness. Figure 3.15a shows the ANFIS 

viewer which illustrates the variation of the surface quality with the wheel type and the 

feed rate. From the ANFIS model, it could be seen that surface roughness is directly 

proportional to the feed rate. Moreover, at lower feed rates, the surface roughness 

obtained in the resin bonded wheel was found to be higher than the metallic bonded one. 

This observation could be attributed to the superior toughness, strong grain retention and 
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higher wear resistance of the metallic bonded wheel compared to the resin bonded wheel 

(Linke, 2016). Also, the better performance of the metallic bonded diamond wheel could 

be as result of increased wear flats, grain pull out and loss of cutting edges in the resinoid 

bonded wheels. However, at higher feed rates, the surface obtained was almost the same 

in wheel types. In Figure 3.15b, it could be seen that the surface roughness is directly 

proportional relation with the grinding depth. Also, in the flood cooling experiments, the 

surface roughness could be seen to increase from an average of about 0.3µm when the 

depth of cut is 5µm up to 0.6µm at 30µm depths. Moreover, when the depth of cut and 

feed rates are high, the samples were found to contain median cracks, exfoliations and 

lateral cracks as seen in the samples from experimental runs 4, 8 and 12 (see Figure 

3.16a, b & c). The damages could be attributed to non-continuous grain trajectory due to 

increase in the friction forces. However, the MQL was found to produce better surface 

finish of about 0.2µm at 5µm depth of cut, to 0.44 µm at the depth of cut of 30µm. This 

indicates that the surface finish can be improved by grinding the Si3N4 ceramic using the 

nanofluid in the MQL system. 
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(a) 
 

 

(b) 
Figure 3.15: Effect of process parameters on the surface roughness (a) Wheel type 

vs Feed rate (b) Depth of cut vs Lubrication. 

3.6.4 Surface analysis 

The surface morphology after the experimental runs was obtained using the FESEM.  

The surface of the samples shown in Figure 3.16 could be seen to vary according to the 

parameter settings. The following deliberations were made from the surface 

morphologies obtained: 
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very high. Similarly, as seen in the images from experimental runs 4 & 13, when either 

of the depth of cut or feed rate is very high, the surface becomes very poor. This could be 

attributed to increased wear of the resin bonded wheel, which in turn causes deterioration 

and defects on the ceramic workpiece. 

Previous studies have indicated that the MQL nano-lubricant system significantly 

helps to lower the forces, surface roughness and wheel wear. Specifically, investigations 

have shown that by utilization of vegetable oils which are both cheap and environmentally 

friendly, the performance of grinding  process can be improved significantly (Goindi et 

al., 2018). Furthermore, the capability of the SiO2 nanoparticle in providing lubrication 

as a solid lubricant could be affirmed from the experimental investigation. The surface 

quality and grinding forces were both lowered when using the MQL nanolubricant. This 

could be attributed to the formation of thin tribofilm on the surface of the grinding, which 

in turn allows for better slewing action and material removal (Sayuti et al., 2014). 

Since the canola oil is composed of fatty acids and glycerol, studies have shown that 

the fatty acids usually create a thin layer/lubricating films via physical and chemical 

adsorptions, which is adsorbed onto the surface of the wheel. Though the adsorption 

capability of the castrol oil is much higher than the vegetable oil, the Castrol oil is 

supposed to undergo some intermolecular esterification reactions that produces a 

frictional polyester with higher frictional ability (Jia et al., 2017). Nevertheless, the results 

obtained in this work have shown that the canola oil when mixed with the SiO2 has better 

lubrication ability than pure castrol oil mixed with water.  

Additionally, the wear of the diamond wheel depends on a number of factors such as 

the properties of the workpiece and grinding conditions. Others sources of wear could 

include chemical effects and physical/abrasive effects (Dambatta et al., 2017). Similar 

works have also shown that three kinds of wears often occur during grinding of advanced 
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materials i.e. attrition wear, grain fracture, and bond excoriation. Moreover, other types 

of deformations on the wheel can be in form of macro fracture, micro fracture, grain 

ejection, wear flats and cracks (Dambatta et al., 2017). 

 

Figure 3.17: FESEM images showing the surface damage obtainable under different 

grinding experiments runs. 
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Furthermore, at high feed rates, the chatter frequency becomes high thereby causing 

high amplitude vibrations. In fact, the chatter marks which are visible on the surface of 

the workpiece material occur due to work regenerative effects. The grinding chatter is 

also highly affected by the rate of elastic deformation of the grinding wheel. Thus, it is 

expected that the chatter and vibration during grinding with the resin bonded wheel is 

smaller than in the metallic bonded wheel. However, the high rate of deformation and 

porosity of the resin bonded wheel leads to increase wheel wear. Another defect is 

presence of micro-welds and wheel loading, microcrystalline grain splintering, grain 

breakage, grain pull out and grain flattening. 

Figure 3.18 shows the image of the grinding wheels before and after the grinding 

operations. By comparing the wheel appearance of the wheels, it could be seen that the 

experiments conducted using MQL are characterized by both microwelds and grain 

fractures. This could be attributed to insufficient debris evacuation in the MQL process, 

which leads to reduction of performance high feed rates and depth of cuts. However, in 

the flood cooling machined samples, there occurs in-process cleaning of the grinding 

wheel. Also, in the resin bonded wheel could be seen to have wear flats, grain 

breakage/pull outs, bond wear and cracks of the diamond grains. There is no definite trend 

observed for the wheel wear in the resin bond wheels, however the wheel was severely 

damaged when grinding was done at 30 µm compared to the 5 µm. For instance, 

comparing the image in experiment 8 & 9, it could be seen from experiment no. 8 that the 

wheel experience intense wear flats and pull out of the grains. Whereas in comparison, 

the wheel from experiment no. 9 is relatively wear free. Although the feed rate is 

increased, the reduction in the wheel wear seen in experiment no. 9 could be attributed to 

the reduction of depth of cut from 30µm to 5µm. Also, comparing the images from 

experiment no. 5 & 12, it could be seen that there is high rate of grit lost in experiment 

12 accompanied by wear of the edges of the grinding wheel. Although, the wheels from 
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the flood cooling experiments experiences less loading, the rate of grits pull out can be 

seen to be much higher than the wheels from the MQL process. In addition, the wheels 

from the MQL experiments due to the high rate of grit fracture, there is increase in the 

number of active cutting edges. This form of sharpening of the wheel is among the reason 

for the reduction of the grinding forces. 

 

Figure 3.18: Microscopic image of the surface of the diamond wheel. 

3.7 Summary 

This study investigates the effect of the grinding parameters such as depth of cut, feed 

rate, wheel bond type and lubrication technique on the grinding forces and surface quality 

during surface grinding of Si3N4 ceramic. The findings show that the normal and 

tangential grinding forces were lower during grinding with the MQL technique compared 

to the flood cooling system. This indicates that the SiO2 nanoparticles possess good 

lubrication capability on the grinding process when mixed with canola vegetable oil in 

the MQL process. Also, the grinding forces were found to be directly proportional to the 
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feed rates and depth of cut. The metallic bonded wheel was also found to perform better 

in terms of wear and surface quality, than the resin bond wheel. Moreover, at high depth 

of cuts and feed rates, the surface roughness of the workpiece material becomes extremely 

poor in both wheels. This could be attributed to increase in wear flats, diamond grain pull 

out, macrocracks and loss of cutting edges. The rate of wear was also found to be more 

apparent in the resinoid bonded wheels. The technique illustrated in this work involves 

making experimental analysis to predict the outcome of the machined workpiece surface 

roughness based on the input process parameters. The Taguchi S/N ratio analysis was 

used to obtain the optimum grinding conditions for lowest grinding forces and surface 

roughness. The findings show that the process parameters greatly affect the outcome of 

the grinding experiments. As seen, the surface and subsurface damages are a major 

limitation of the grinding process. Thus, the cost of grinding the silicon nitride ceramic 

could be reduced significantly, if the process parameters are chosen using the optimized 

settings obtained in this work. The prediction model and the optimized values could also 

be used lower the cost of grinding by determining the force and roughness values prior to 

experimentation. The efficiency of the grinding of the Si3N4 ceramic could be increased, 

which could in turn lead to its widespread application in various engineering fields. 

Finally, the validation experiments also indicate that the ANFIS models for the normal 

grinding force, tangential grinding force and surface roughness have accuracies of 

98.45%, 98.58% and 96.31%, respectively Univ
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CHAPTER 4: INVESTIGATING THE EFFECTS OF MINIMUM QUANTITY 

LUBRICATION GRINDING OF SILICON NITRIDE CERAMIC USING 

SILICON DIOXIDE BASED NANOFLUID 

4.1 Introduction 

Lubrication methods are a significant part of grinding process. Recently, there is 

increased need for alternative lubrication techniques in grinding of advanced engineering 

ceramics. Several findings from previous works indicate that minimum quantity 

lubrication (MQL) nanolubrication method is a viable option as lubricant in the grinding 

process. In addition to enhancing tribological properties, the MQL technique was found 

to be less hazardous and inexpensive. It was also found to be sustainable, eco-friendly 

and economical. This section entails an experimental investigation of grinding the Si3N4 

ceramic using MQL with vegetable-oil-based silicon dioxide (SiO2) nanofluid. The 

nanofluid was produced by suspending 0.2wt.% to 2wt.% of the nanoparticles in canola 

oil. In this section, the grinding experiment were conducted using different grinding and 

MQL parameters based on Taguchi L16 design of experiments. The results of the 

tangential and normal grinding forces, surface quality were analyzed using Taguchi 

analysis and ANFIS modelling technique. Lastly, the subsurface damages inflicted on the 

Si3N4 ceramic at higher grinding depths was also analyzed. 

4.2 Literature Review 

Si3N4 ceramic is an engineering ceramic which has been extensively used in aerospace, 

refractory, biomedical and manufacturing industries (Klemm, 2010; Zhang et al., 2012). 

The extensive utilization of the ceramic is due to its exceptional properties such as high 

hardness, high wear, temperature and corrosion resistance (Riley, 2000). The high 

hardness and brittleness of the Si3N4 ceramic has been found to be a major setback to its 
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machining, because these properties lead to higher energy expended and poor surface 

quality. 

Grinding with superhard fine abrasives has been the most common and economical 

method used for machining of advanced engineering ceramics (Malkin et al., 1996). In 

spite of various findings from previous research works on machining of engineering 

ceramics, there is still much to understand about the defects, deformations and the energy 

expended during the grinding operations (Emami et al., 2014; Liu et al., 2017; Xu et al., 

1996). Also, the deformations inflicted on the Si3N4 ceramic during machining could 

impact negatively on its performance and applicability (Dambatta et al., 2017; Liu et al., 

2017). Thus, it is important to improve on the grinding efficiency and surface quality 

while grinding of the ceramic. 

An established technique of increasing the efficiency and the surface quality during 

machining involves proper selection of the process parameters (Liu et al., 2017). Previous 

research works have also shown that whenever lower roughness and cutting forces are 

desired, an in-depth analysis of the machining parameters is required (Abellan-Nebot et 

al., 2010; Maher et al., 2015). Similarly, studies have shown that during the grinding of 

Si3N4 ceramic, there is an optimal grinding depth whereby the material removal rate is 

maximum, and the amount of deformations inflicted on both the grinding wheel and the 

work material are minimal (Li et al., 2007). This indicates that the process variables 

significantly affect the responses from the grinding operations. Furthermore, Dambatta et 

al. (2018) found that the lubrication type and process parameters were among the factors 

that affect the grinding power, surface integrity and sub-surface damages. 

Recently there is increased utilization of the nanofluids in the MQL process. The 

nanofluids are produced by mixing nanoparticles with eco-friendly fluids. Literatures 

have shown that the use of MQL nanofluids in grinding operations  helps to significantly 
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reduce the grinding forces and improves both the tool life and surface quality (Dambatta 

et al., 2017; Kuffa et al., 2017). The nanofluids were found to proffer tremendous benefits 

during machining such as better lubrication/antifriction and heat evacuation (Fratila et al., 

2011; Li et al., 2013; Molaie et al., 2016). Additionally, the nanofluids have been found 

to significantly improve the efficiency of machining processes (Agarwal et al., 2015; Yu 

et al., 2013). Moreover, the use of MQL (nano-lubricants) was found to cause 25% 

reduction of normal forces and over 50% reduction in tangential grinding forces (Molaie 

et al., 2016).  

In addition, the nanofluid MQL process which is a sustainable technology, has been 

found to considerably reduce machining costs (Wang et al., 2016). Studies have shown 

that the use of the MQL nanofluids in grinding of advanced engineering materials could 

decrease lubrication costs by about $184.6 billion yearly. It could also  reduce the waste 

disposal costs by about $3.8 billion (Holmberg et al., 2013).  

Recent studies have indicated that there is increased utilization of the SiO2 

nanoparticles in nanofluids (Ooi et al., 2015; Sayuti et al., 2014). The nanoparticles are 

very cheap, with high strength and hardness (Sarhan et al., 2012b). From various 

literatures reviewed, it was found that there are limited studies conducted on optimizing 

and studying the performance of the SiO2 nanoparticle during grinding of Si3N4 ceramic. 

To address this concern, this work investigate the effect of the grinding process 

parameters during the grinding operations. The MQL nanofluid was produced by 

suspending pure SiO2 nanoparticles in canola vegetable oil using similar mixing method 

described by (Sayuti et al., 2014). The canola vegetable oil was selected due to its ability 

to retain its characteristic high viscosity at high and room temperatures. The results from 

the grinding experiments were optimized using Taguchi signal to noise (SN) ratio 

analysis. Finally, we constructed a prediction model of adaptive neuro fuzzy inference 

Univ
ers

iti 
Mala

ya



   118 

system (ANFIS) in other to analyze and predict the effects of process variables parameters 

on grinding force, surface and subsurface quality. 

4.3 Methodology (materials, equipment and experimentation) 

The workpiece material used in this study is the sintered Si3N4 ceramic. The grinding 

machine shown in Figure 4.1 was used to grind the Si3N4 ceramic. A resinoid bonded 

diamond wheel (SD120M100B) was used to perform the grinding experiments. The 

diamond wheel has a diameter of 200mm, thickness of 5mm and slot diameter of 31.8mm. 

The diamond wheel was dressed properly before each experimental run (using the 

Norton’s 38A150-I8VBE wheel dresser with machine settings of grinding depth-15μm 

and feed-5mm/min). 

The combination of the SiO2 nanoparticles and the vegetable oil was thoroughly mixed 

for 1hr using ultrasonic bath (sonicator). The MQL equipment (WINMIST WT-01) was 

used to spray the nanolubricant into the grinding zone during the machining process. The 

Kistler type- 9272 dynamometer was used to obtain the grinding forces via a Kistler 

charge amplifier (model no.:5019). The amplified force results were then acquired using 

an oscilloscope. Lastly, the surface and subsurface quality was measured using a surface 

profilometer and a field emission scanning electron microscope (FESEM). 
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Figure 4.1: Grinding process set up. 

Taguchi method was used to conduct the experimental design. The method has the 

advantage of producing an experimental design with the minimum amount of experiments 

(Emami et al., 2013). The parametric factors and their corresponding levels are given in 

Table 4.1. The Taguchi L16 (44) design of experiment (Table 4.2) was developed using 

Minitab-17 software. The MQL nozzle stand-off distance and nozzle horizontal angle 

were kept at 55mm and 22º, respectively, as obtained by (Molaie et al., 2016). In addition, 

the nozzle exit diameter was 2mm and the lubricant flow rate was kept constant at 

150ml/h. 

Each experiment was repeated three times in order to achieve high accuracy. 

Thereafter, the average grinding force for  each experimental run was recorded after 10 

grinding passes. Also, the roughness of the Si3N4 ceramic after each experiment was 

measured using a profilometer in parallel direction to the grinding directions at 0.8mm 

cut-off values. 
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Table 4.1: Experimental variables and levels 

Symbol Parameter 
Level 

1 2 3 4 

A 
MQL nanoparticle 

concentration (%) 
0 0.5 1 2 

B 
Extrusion pressure 

(MPa) 
0.2 0.4 0.6 0.8 

C Grinding depth (µm) 10 20 30 40 

D Table speed (m/min) 10 15 18 23 

Table 4.2: Taguchi experimental design 

S/N A B C D 

1 1 1 1 1 

2 1 2 2 2 

3 1 3 3 3 

4 1 4 4 4 

5 2 1 2 3 

6 2 2 1 4 

7 2 3 4 1 

8 2 4 3 2 

9 3 1 3 4 

10 3 2 4 3 

11 3 3 1 2 
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Table 4.2, Continued 

S/N A B C D 

12 3 4 2 1 

13 4 1 4 2 

14 4 2 3 1 

15 4 3 2 4 

16 4 4 1 3 

4.4 Results 

Taguchi’s SN ratio analysis was used to obtain the optimal parameter settings for the 

process variables. The SN ratio, which is the ratio of the desired to undesired data, was 

used to indicate the characteristics of the analyzed data. To optimize the machining 

process, the grinding forces and roughness should be minimum. As such, the smaller-the-

better analysis was used in this work, as done by (Emami et al., 2014). The results of the 

calculated SN ratios for the response parameters (i.e. tangential grinding force-Ft, normal 

grinding force-Fn and surface roughness-Ra) are provided in Table 4.3. The performance 

of nanofluid concentration was studied extensively.  

The main effect plots of SN ratio for the Fn, Ft and Ra are given in Figure. 4.2, 4.3 and 

4.4, respectively. As shown in Figure 4.2, based on the SN ratio, the optimum grinding 

process parameters for the Ft were found to be: 1% nanoparticle concentration (level 3), 

0.8MPa extrusion pressure (level 4), 10µm grinding depth (level 1) and 15m/min table 

speed (level 2). Furthermore, as shown in Figure 4.3, the optimum parameters for Fn were 

found to be: 2% nanoparticle concentration (level 4), 0.2MPa Air pressure (level 1), 10µm 

grinding depth (level 1) and 10m/min table speed (level 1). Lastly, as shown in Figure 

4.4, the optimum parameters for the Ra were found to be 2% nanoparticle concentration 
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(level 4), 0.8MPa Air pressure (level 4), 10µm grinding depth (level 1) and 10m/min table 

speed (level 1) 

Table 4.3: Experimental results. 

Exp. 

No 

Ft (N) SN 

ratio for 

Ft 

Fn (N) SN ratio 

for Fn 

Ra (µm) SN ratio 

for Ra 

1 28.00 -28.94 36.62 -31.13 0.51 5.85 

2 40.21 -32.04 52.43 -34.32 0.64 3.88 

3 54.16 -34.65 86.28 -38.69 0.88 1.11 

4 68.33 -36.65 112.09 -40.98 0.91 0.82 

5 38.42 -31.60 49.15 -33.80 0.74 2.62 

6 41.02 -32.26 67.21 -36.52 0.82 1.73 

7 64.11 -36.12 70.37 -36.90 0.59 4.58 

8 48.30 -33.63 75.04 -37.50 0.6 4.44 

9 46.00 -33.26 70.30 -36.90 0.77 2.27 

10 54.15 -34.65 68.81 -36.65 0.72 2.85 

11 22.28 -26.85 48.42 -33.63 0.52 5.68 

12 30.46 -29.54 37.07 -31.34 0.44 7.13 

13 48.20 -33.63 65.52 -36.26 0.41 7.74 

14 40.00 -32.04 41.11 -32.04 0.37 8.64 

15 36.32 -31.13 44.06 -32.87 0.61 4.29 

16 28.44 -28.94 32.25 -30.10 0.41 7.74 
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Table 4.4: Results of table of means from Taguchi analysis for Ft. 

Level A B C D 

1 -33.07 -31.85 -29.25 -31.66 

2 -33.40 -32.75 -31.08 -31.53 

3 -31.07 -32.19 -33.39 -32.46 

4 -31.43 -32.19 -35.26 -33.32 

Delta 2.33 0.89 6.01 1.79 

Rank 2 4 1 3 

Table 4.5: Results of table of means from Taguchi analysis for Fn. 

Level A B C D 

1 -36.28 -34.52 -32.84 -32.91 

2 -36.18 -34.94 -33.09 -35.43 

3 -34.64 -35.52 -36.34 -34.81 

4 -32.87 -34.99 -37.70 -36.82 

Delta 3.41 1.00 4.85 3.91 

Rank 3 4 1 2 

Table 4.6: Results of table of means from Taguchi analysis for Ra. 

Level A B C D 

1 2.914 4.620 5.249 6.550 

2 3.340 4.272 4.479 5.434 

3 4.484 3.917 4.113 3.581 

4 7.105 5.033 4.000 2.277 

Delta 4.191 1.116 1.249 4.273 

Rank 2 4 3 1 
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4.4.2 ANFIS Modelling 

Fuzzy logic was first introduced by (Zadeh, 1996) as a mathematical representation of 

data sets containing different solutions. Contrary to conventional mathematical theories 

whereby data sets are subsets of one larger system or another, in fuzzy logic the data sets 

are defined by linguistic variables instead of numeric numbers. Also, the fuzzy logic uses 

the fuzzy inference system (FIS) to express linguistic terms (Kar et al., 2014). ANFIS 

modelling was first proposed by (Jang, 1993). It was previously referred to as Takagi-

Sugeno-Kang (TSK) system, and involves merging the learning and adaptive capabilities 

of the artificial neural network (ANN) with the linguistic expressions of fuzzy inference 

system (Lin, 1996). Moreover, the ANFIS consists of graphical representation of the FIS 

consisting of ‘‘if-then’’ rules. Prediction models for cutting forces and roughness are  also 

being developed using artificial intelligent (AI) techniques (Chandrasekaran et al., 2010). 

The AI techniques have been used when there is no established certainty or linear 

relationships between input and output variables (Zalnezhad et al., 2013). The ANFIS is 

one of the artificial intelligent methods used to predict and relate between input and output 

responses (Asiltürk et al., 2012; Baseri, 2011; Kumanan et al., 2008). The architecture of 

the developed ANFIS model consists of five layered feed forward neural network as 

shown in Figure 4.5. The layer of the developed ANFIS model is made up of different 

nodes which are described as follows; 
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Layer 2 

In the second layer of the ANFIS model, the knowledge base of the fuzzy set is 

established. Here, the weights of each term in the nodes is calculated according to the 

established rules. The output in the neurons is given by Equation 4.5-4.7. 

𝛼1= X1 (x) × Y1 (y) × W1 (w) × U1 (u)      (4.5) 

𝛼2= X2 (x) × Y2 (y) × W2 (w) × U2 (u)      (4.6) 

.        .            .              .             . 

.        .            .              .             . 

𝛼𝑛= Xn (x) × Yn (y) × Wn (w) × Un (u)      (4.7) 

 

Layer 3 

The 3rd layer is the region where the fuzzy rules are developed. The individual nodes 

are normalized (N) using the weights from the previous layer. Equation 4.8-4.11 

represent the variables in the neurons. 

𝛽1= 𝛼1

𝛼1+𝛼2+ 𝛼3+𝛼4
         (4.8) 

𝛽2= 𝛼2

𝛼1+𝛼2+ 𝛼1+𝛼2
         (4.9) 

𝛽3= 𝛼3

𝛼1+𝛼2+ 𝛼3+𝛼4
         (4.10) 

𝛽4= 𝛼4

𝛼1+𝛼2+ 𝛼3+𝛼4
         (4.11) 

Layer 4 

This is the region where the decision making is conducted. The response in this region 

is calculated by multiplying the normalized weights with the rules of the fuzzy. The output 

of the fourth layer is shown in Equation 4.1 to 4.14. 
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𝛽1𝑧1= β1 (𝑎1x + b1 y + c1 w + d1 u)      (4.12) 

𝛽2𝑧2= β2 (𝑎2x + b2 y + c1 w + d2 u)      (4.13) 

.             .              .              

.             .              . 

𝛽n𝑧𝑛= βn (𝑎nx + bn y + cn w + dn u)      (4.14) 

Layer 5 

In this layer, the ANFIS model utilises the rules and linguistic variables to represent 

each input variable. It is made up of one node only, which is obtained by de-fuzzifying 

the calculated variables. The mathematical representation of the fifth layer of the ANFIS 

model is shown in Equation 4.15.  

Z=𝛽1𝑧1 + 𝛽2𝑧2+𝛽3𝑧3 + 𝛽4𝑧4       (4.15) 

The experimental results were used as the training variables for the ANFIS model on 

MATLAB (R2015a) software. Sixteen set of rules were used to develop the ANFIS 

model, and the model was trained using 100 epochs. The ANFIS model consist of 16 

linear parameters and 48 nonlinear parameters. The final structure of the developed 

ANFIS model is presented in Figure 4.6.  
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Figure 4.6: Structure of ANFIS Model from Matlab. 

Lastly, the developed models for Fn, Ft and Ra was found to have epoch errors of 6.196 

× 10-5, 4.4619 × 10-5 and 6.4332 × 10-7 respectively. 

4.4.2.1 Validation of ANFIS Model 

In this section, confirmation tests were done in order to compare the experimentally 

obtained values and the ANFIS predicted ones. Table 4.7 gives the experimental and 

predicted values of the grinding force and surface quality for different parameter settings. 

Comparison of the results indicates that the ANFIS model was capable of accurately 

predicting the grinding force and the Ra. Figure 4.7 illustrates a comparison between the 

measured values and the predicted ones for each of the validation experiment runs. 

Furthermore, the accuracy of the ANFIS model (A), defined as the mean of all the average 

accuracies, was obtained using Equation 4.16.  It was found to be 98.1%, 97.82%, and 

96.4% for the Ft, Fn and Ra models, respectively. 

Accuracy A = 𝟏

𝒏
∑ (𝟏 − 

|𝑵𝒆𝒙𝒑.−𝑵𝒑𝒓𝒆𝒅.|

𝑵𝒆𝒙𝒑.
)𝒏

𝒊=𝟏  × 100%     (4.16) 

Where n= total number of experimental runs, Nexp. =experimentally measured 

values, Npred. =ANFIS predicted values. 
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Table 4.7: Settings and results for verification of the ANFIS model. 

Exp. 

no. 

A B C D Ft (N) 

Exp. 

Ft (N) 

Pred. 

Fn (N) 

Exp. 

Fn (N) 

Pred. 

Ra 

(µm) 

Exp. 

Ra 

(µm) 

Pred. 

1 1 1 1 2 29.00 28.40 37.12 36.50 0.462 0.514 

2 1 2 1 2 40.30 39.70 52.50 51.60 0.608 0.636 

3 1 3 1 1 28.08 28.30 36.27 37.00 0.522 0.514 

4 1 4 2 2 45.36 43.80 64.31 63.40 0.706 0.622 

5 2 1 2 2 38.02 38.10 48.16 49.10 0.744 0.737 

6 2 1 1 3 40.22 38.10 50.00 49.60 0.758 0.742 

7 2 2 4 2 60.14 58.40 70.62 69.40 0.663 0.651 

8 2 3 3 2 50.27 48.70 76.05 75.20 0.612 0.608 

9 3 3 1 1 22.60 22.20 47.14 47.70 0.526 0.518 

10 3 1 3 2 48.37 46.90 60.33 58.20 0.588 0.601 

11 3 2 2 2 32.88 32.10 51.52 50.00 0.592 0.581 

12 3 4 1 3 28.30 27.80 36.08 34.00 0.420 0.413 

13 4 3 3 1 41.15 40.00 42.21 40.00 0.404 0.37 

14 4 4 3 3 30.28 28.90 34.44 33.70 0.433 0.423 

15 4 2 2 1 40.01 40.00 38.64 40.00 0.368 0.37 

16 4 4 1 1 30.00 28.80 35.00 34.60 0.410 0.426 
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(a) 

 

(b) 
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(c) 

Figure 4.7: Experimentally measured vs ANFIS predicted values: (a) Fn, (b) Ft, and 

(c) Ra. 

4.5 Discussions 

The experiments were performed according to the design of experiment. The optimum 

parameter settings have been obtained using the SN ratio analysis. In this section, the 

ANFIS prediction models developed on MATLAB were used to analyze the variation of 

the output parameters with the input parameters. The ANFIS prediction model tends to 

adjust the membership functions according to the linguistic rules. The following sections 

explain the variation of the process variables with each response variable. 

4.5.1 Tangential grinding force 

The force Ft is the main force which is associated with material removal (by ploughing 

and rubbing). The type of lubricant employed significantly affects the magnitude of Ft 

(Rowe, 2013). Hence, the MQL nano-lubrication technique is expected to significantly 

reduce Ft, especially at low grinding depths. This is in agreement with the findings of 
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authors (Dambatta et al., 2017; Molaie et al., 2016). The analyzed results of the ANFIS 

model shown in Figure 4.8 show the variation between the process variables and Ft. From 

Figure 4.8a, it was found that the Ft is inversely proportional to the percentage 

concentration of nanoparticles. Thus, a higher amount of nano particle concentration can 

increase the efficiency of the grinding process by reducing Ft. This is because the Ft is 

directly involved with the power consumed during material removal. Also, it could be 

seen that the grinding depth varies directly with Ft, whereby the result shows a 30% 

increase of the Ft from grinding depth 10μm to 40μm. Similarly, the results indicate that 

at high depths of cut, the Ft was very high irrespective of the kind of the nanofluid used. 

As can be seen from Figure 4.8b, the air pressure has an inverse relation with the Ft. 

Lastly, the table speed was found to exhibit a direct relationship with Ft at smaller 

grinding depths, as shown in Figure 4.8c. But, at high grinding depths, an increase in the 

table speed has little influence on Ft.  

 

(a) 
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(b) 

 

(c) 

Figure 4.8: Variation of process parameters with Ft: (a) grinding depth (μm) vs 

nanoparticle concentration (%) (b) grinding depth (μm) vs air pressure (MPa) (c) 

grinding depth (μm) vs table speed (m/min). 
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4.5.2 Normal force 

According to Figure 4.9a, the table speed and nanoparticle concentration have 

significant effects on the Fn. It is observed that the force Fn decreases with increase in the 

nanofluid concentration. An increase in the nanoparticle concentration from level 1 (0%) 

to level 4 (2%) led to significant reduction of the Fn (about 40%). The performance was 

similar to that of Molybdenum disulphide based nanofluid reported by (Molaie et al., 

2016). Thus, the use of high concentration of the SiO2 nanofluid during grinding of the 

Si3N4 ceramic is highly recommended. The grinding depth was also found to exhibit a 

directly proportional relationship with Fn. However, as can be seen in Figure 4.9b, the 

air pressure has negligible effect on Fn. Hence, in other to obtain a lower Fn, smaller 

grinding depth and table speed should be used in the grinding operations.  
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(a) 

 

(b) 

Figure 4.9: Variation of process parameters with Fn : (a) Table speed vs nanoparticle 

concentration (%), (b) grinding depth (μm) vs air pressure (MPa). 
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4.5.3 Surface Quality 

From Figure 4.10a, it can be seen that Ra has an inverse relationship with the 

nanoparticle concentration, and a linear variation with the table speed. The results at 

10m/min table speed show that when the nanoparticle concentration was increased from 

0% to 2%, the Ra decreases by 28%. At higher table speed (i.e. 23m/min), the Ra was also 

found to reduce by 32% with increase in nanofluid concentration from 0% to 2%. This 

shows that the use of nanofluid significantly improves the surface quality of the machined 

ceramic workpiece. Similarly, in Figure 4.10b, the air pressure was found to have an 

inverse relationship with the Ra. This shows that higher air pressure produces better 

delivery of the nanofluid into the grinding zone, thereby enhancing the lubrication effect. 

When the air pressure was low i.e. 0.2MPa, the surface was generally poor. However, as 

the air pressure was increased to 0.8MPa, the Ra of the machined part was lower at low 

grinding depths. 
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(a) 

 
(b) 

Figure 4.10: Variation of process parameters with Ra : (a) table speed (m/min) vs 

nanoparticle concentration (%) (b) grinding depth (μm) vs air pressure (MPa). 

4.5.4 Analysis of surface morphology 

Studies have indicated that the SiO2 nanofluids have excellent lubrication capability, 

with good anti-friction (Dambatta et al., 2018) and heat evacuation abilities (Sayuti et al., 

2014). The surface morphology is also an essential index of qualitatively evaluating the 

surface quality of the machined parts. FESEM images after each experimental run are 
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shown in Figure 4.11. The results from the qualitative analysis corroborates the measured 

Ra. Different nanofluid concentrations were found to give different kinds of surface and 

subsurface damages (SSD). Since the Taguchi analysis indicates that the Ra is most 

affected by the table speed and then followed by the nanoparticle concentrations. It is 

imperative to make comparisons between the experimental runs based on the input 

parameters. Thus, from the experimental results, it could be seen that the 2% nanofluid 

concentration has the lowest roughness values, and smallest SSD. Furthermore, the 

acquired images shown in Figure 4.11 demonstrates that nanoparticles can effectively 

lower the friction by effective lubrication actions, thereby improving the workpiece 

surface quality. The micrographs from experimental runs 3 & 4, indicates that the surface 

quality obtained in these experimental runs is very poor. The samples were found to 

contain intense grinding marks, macro/micro cracks, intermittent furrows, and 

discontinuity in the grinding path. The specimens from experimental runs 14 and 16, 

clearly shows that higher amount of nanoparticles in the nanofluid coupled with low table 

speed and grinding depth, produces an almost defect-free surface. However, in 

experimental runs 3, 4 and 6, the surface quality were found to be very poor, characterized 

by high surface deformation and surface cracks. This observation results from the high 

grinding depth and table speed used in the experiments. Moreover, it was also found that, 

as the table speed was increased from 10m/min to 23m/min, the surface deformations and 

damages were seen to increase significantly. Also, although the table speed in 

experimental runs 9 & 15 have similar table speed and grinding depths, their respective 

Ra values of 0.77 and 0.61 shows that the increasing the nanoparticle concentrations helps 

to greatly reduce the Ra. The same result is evidently shown in the micrographs shown in 

experimental runs 9 and 15. Generally, it could be concluded that, the grinding 

experiments should be conducted using low table speed, high concentration of nanofluid, 

low grinding depth, and high air pressure. 
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Additionally, it was found that the SSD and lateral cracks were found to become more 

prominent at the grinding depths of 40µm. The median and lateral cracks were found to 

occur beneath the ground surfaces as illustrated in Figure 4.12. From the micrographs, it 

can be seen that there is intense formation SSD when the MQL nanofluid concentration 

was 0%. However, an increase in the nanoparticle concentration indicates that the SSD 

decreases significantly. At 0% nanoparticle concentration, the length of SSD’s were 

found to be between 258-265µm in experimental run-4 (see Figure 4.12a). However, the 

SSD were seen to decrease to 65µm-102µm at 2% nanoparticle concentration as seen in 

experimental run 15 (see Figure 4.12d).  
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Figure 4.11: Surface morphology of each experiment run as obtained using FESEM. 
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a)  The optimum process variables for Fn were found to be 2% nanofluid 

concentration, 0.2MPa Air pressure, 10µm grinding depth and 10m/min table 

speed. Moreover, the optimum process variables for Ft was obtained as 1% 

nanoparticle concentration, 0.8MPa Air pressure, 10µm grinding depth and 

15m/min table speed. Also, the optimum process variables for Ra was found to be 

2% nanoparticle concentration, 0.8MPa Air pressure, 10µm grinding depth and 

10m/min table speed. 

b) The accuracy of the developed ANFIS model for Fn, Ft and Ra was found to be 

97.82%, 98.1% and 96.4% respectively.  

c) The use of SiO2 nanofluid in the MQL provides reduced friction via generation of 

tribofilm around the contact region. Higher nanofluid concentration was found to 

significantly decrease the grinding forces and surface roughness. Also, the surface 

deformations such as microcracks, furrows, SSD’s were observed to decrease 

significantly when high nanofluid concentration was used in the MQL process.  

d) Lastly, analysis of SSD’s at 40µm grinding depth shows that, the SSD’s was 

between 258µm-265µm at 0% nanoparticle concentration and reduces to between 

65µm-102µm at 2% nanoparticle concentration. 
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CHAPTER 5: INVESTIGATING THE EFFECTS OF ULTRASONIC ASSISTED 
GRINDING ON Si3N4 CERAMIC WITH MINIMUM QUANTITY 

NANOLUBRICATION USING SiO2-BASED NANOFLUIDS. 

5.1 Introduction 

The Minimum Quantity Lubrication (MQL) is recently gaining prominence in 

grinding operations due to its high performance, eco-friendliness and economic benefits. 

The MQL technique has been found to proffer higher performance than the conventional 

flood cooling as a lubrication system for grinding of ceramics. Recently, there has been 

increased use of nanofluids in the MQL technique. The nanofluids were found to have 

excellent lubricity and heat evacuation capability, thereby eradicating the main limitation 

of the MQL process. In addition, the surface quality and energy expended during grinding 

operations were found to improve significantly with the use of MQL nanofluid. 

Moreover, the properties of the base oil used to produce the nanofluids also significantly 

affects the outcome of the grinding experiments. Hence, it is necessary to investigate the 

performance of the different oils.  Previous studies have indicated that ultrasonic assisted 

grinding (UAG) also helps to significantly improve the performance of the grinding 

process. In this section, we have presented an experimental analysis to study the effect of 

applying ultrasonication and MQL with SiO2-based nanofluid. The performance of the 

grinding process was measured in terms of tangential, normal grinding forces and surface 

quality. The results obtained show that both the UAG and nanofluid MQL process helps 

to considerably reduce the grinding forces. However, the UAG process was found to 

slightly decrease the surface quality when flood cooling lubrication technique was used. 

The surface quality of the machined parts was seen to improve significantly, when higher 

concentrations of the nanofluid was used. Lastly, the canola oil was found to give the 

optimum performance. 
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5.2 Literature Review 

Ceramic materials (such as Al2O3, ZrO2, SiC and Si3N4) are popular in several 

manufacturing industries because of their superior properties. Superb corrosion 

resistance, high wear resistance, heat resistance and chemical resistance characterize the 

ceramic materials. However, their extensive application suffers huge setbacks as result of 

the high cost of machining and defects inflicted on the ceramic materials during the 

machining process. Hence, it is imperative to develop a cheaper method of machining the 

ceramic materials (Emami et al., 2013).  

Conventional grinding (CG) is among the most utilized techniques for processing 

ceramic materials. However, due to the very brittle and hard nature of the ceramic 

materials, the energy consumed during the machining have been found to be very high. 

In addition, the machining process is characterized by high tool wear and poor surface 

quality. As such, it is inevitable to conduct further research towards the improvement of 

the ceramics grinding (Inasaki et al., 1986; Shih et al., 2000).  Similarly, previous studies 

on grinding of ceramics materials have shown that high speed grinding is an appropriate 

method of machining ceramic materials (Inasaki et al., 1986). The CG of ceramics 

involves the abrasion process whereby the grinding wheel removes materials from the 

ceramic at specific depths and speed using the crack propagation technique. However, 

during the machining process, not all the grits on the wheel participate in the material 

removal process, most of the grains only performs rubbing and ploughing actions, thereby 

increasing the grinding power (Tawakoli et al., 2010). This causes great reduction in the 

grinding efficiency due to loss of energy in form of heat (Marinescu, 2006). 

Previous research works have shown that applying high frequency oscillations (above 

16kHz) onto the workpiece material during the grinding operation helps to significantly 

reduce the grinding forces, energy expended and improves the surface quality.  
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The process of applying the lateral ultrasonic vibrations onto the workpiece material 

during grinding operations is called the UAG. Most of the previous findings on studies of 

the UAG process found that the ultrasonication helps to improve the surface quality by 

about ~20% and reduce the grinding forces by about ~30-70% (Dambatta et al., 2017; 

Molaie et al., 2016). The UAG process has been found to enhance grinding of both ductile 

and brittle materials. It has been reported that the UAG helps to reduce tool wear, material 

removal rate, and higher number active diamond grits in grinding region (Emami et al., 

2013; Molaie et al., 2016; Nik et al., 2012; Nomura et al., 2009).  

Lubricants are often utilised in the grinding process to flush off the debris, evacuate 

heat from the grinding zone and to significantly reduce friction (Dambatta et al., 2017; 

Mao et al., 2012). The conventional flood coolants are the most popular kind of lubricants 

used during grinding operations. This is because they are associated with many 

advantages such as good lubricity, wheel cleaning ability, cooling and reduction of wear. 

Despite the various benefit associated with conventional flood cooling process, studies 

have indicated that the fluids are hazardous to both the environment and the machinists. 

In fact, it is reported that about 80% of human disease infection on machinists arise from 

the direct contact with the grinding fluids (Dambatta et al., 2018). Moreover, the 

lubricants have been shown to account for about 20% of total manufacturing cost (Kalita, 

Malshe, & Rajurkar, 2012). As such, in other to improve the grinding process, it is vital 

to introduce a lubrication system that is less hazardous and also economical. 

Accordingly, researchers proposed some eco-friendly methods such as dry grinding 

and minimum quantity lubrication (MQL) and the use of nanofluids in the MQL process 

(Sinha et al., 2017). The dry grinding process was found to significantly reduce 

lubrication costs. However, the dry grinding method is associated with excessive 

deterioration of the grinding wheels and poor workpiece surface integrity. Most findings 
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indicate that the dry grinding method is characterized by poor lubrication, surface and 

subsurface damages (Rao, 2007). Recent research reports have shown that the setbacks 

found in the dry grinding process could be overcome using the MQL nanolubrication 

technique.  

The MQL nanolubrication method utilizes nanofluid in the MQL process which is 

supplied into the grinding zone at flow rates between ~10 to 100 ml/h. Droplets of the 

nanofluid are sprayed at pressures between ~4.0 to 6.5 bar (Tawakoli, T et al., 2009). 

Also, the MQL process is environmentally friendly and helps to decrease consumption of 

grinding fluids by 1000 times, with subsequent increase in the grinding efficiency and 

enhancement wheel life (Kalita, Malshe, & Rajurkar, 2012). Emami et al. (2014) reported 

that the MQL process helps to increase lubrication during CG which leads to effective 

decrease of the grinding energy and wears on the grinding wheel. However, there have 

been some reports of deterioration in the surface roughness (at high grinding depths) of 

MQL machined parts (da Silva et al., 2007; Dambatta et al., 2018). 

The hybridization of MQL technique and UAG process was found to be an alternative 

technique to machine superhard materials (Emami et al., 2014; Molaie et al., 2016). 

Studies have shown that during UAG, the ultrasonic vibrations are applied either on the 

work piece or wheel (Dambatta et al., 2017; Molaie et al., 2016; Park et al., 2013). 

Different kinds of nanoparticles are being used to form oil-based nanofluids for the 

MQL process. The nanoparticles often utilised include SiO2, MoS2, graphene, Al2O3, 

diamond, carbon nanotube (CNT), etc. compared to the other nanoparticles, the SiO2 was 

found to be inexpensive and possess very good lubrication and tribological behaviors 

(Dambatta et al., 2018; Rabiei et al., 2017; Sarhan et al., 2012a). In addition, the properties 

of the base oils used for the nanofluid also have significant effect on the outcome of the 

machining operations. The viscosity, functional groups present, flash and smoke points 
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of the oil also has significant effect on the performance of the nanofluid during lubrication 

(Zhang et al., 2015). 

In this section, we have conducted experimental investigation on the effect of different 

concentrations of SiO2 based nanofluid (produced using different vegetable oil types) 

during CG and UAG processes. Finally, The performance of the grinding process was 

analyzed based on the surface roughness, tangential and normal grinding forces. 

5.3 Methodology 

5.3.1 Ultrasonic-assisted grinding process 

The layout of the experiment for the UAG system is shown in Figure 5.1. The 

ultrasonic system was modelled such that high frequency vibrations at low amplitude 

were applied onto the Si3N4 work material. The transducer was used to generate the 

ultrasonic vibrations, which was then amplified and channeled onto the work material via 

an ultrasonic horn and a booster (See Figure 5.1). The workpiece holder comprises of a 

moveable structure, which is designed to ensure rigidity and motility of the vibrating parts 

along the table feed direction. 

 

Figure 5.1: Ultrasonic grinding set up. 
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The grinding experiments were conducted using the surface grinding machine shown 

in Figure 5.2. The ultrasonic oscillation was produced using an ultrasonic signal 

generator/counter and transferred through a 20-kHz transducer on to the horn/workpiece 

set-up. The resonance frequency of the transducer was found to be 20.4-kHz. Thus, an 

ultrasonic horn of 20.4-kHz was designed and manufactured according to steps explained 

by (Choi et al., 2013). High frequency ultrasonic vibrations of 20.4 kHz were generated 

using ultrasonic generator with source voltage of 230V and frequency of 50 Hz. The 

ultrasonic system was designed such that the whole set-up resonates at the resonance 

frequency of the transducer. 
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The mechanism of the UAG process is such that the workpiece oscillates in a 2D-

trajectory along the xy-axis. Due to the intermittent contact between the grinding wheel 

and workpiece in the 2D UAG process, the material removal process would therefore 

involve both brittle and ductile removal techniques. An illustration of the material 

removal mechanism (crack propagation) during grinding of superhard materials for single 

diamond grit is shown in Figure 3.1. In addition, a comparison of the path traced out 

during UAG and CG process is illustrated in Figure 5.3. 

 

Figure 5.3: Trajectory of the diamond grains during UAG and CG processes 

(Abdullah et al., 2012). 

5.3.2 Nanofluid: preparation and application 

SiO2 nanoparticles have high strength, high thermal stability, are cheap and readily 

available (see properties of SiO2 in Table 5.1). SiO2 based nanofluids have been found to 

be good in terms of lubrication and tribology (Dambatta et al., 2018; Rabiei et al., 2017). 

Previous works have shown that the oil-based SiO2 nanofluid proffer good lubrication in 

machining processes (Sayuti et al., 2014). The SiO2 oil-based nanofluid was found to 

perform well in both lubrication and heat evacuation during machining operations (Lv et 

al., 2018; Peng et al., 2010).  
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The MQL technique which involves the spraying a minute quantity of the nanofluid in 

form of mist lubrication into the grinding region is illustrated in Figure 5.4. MQL 

grinding involve utilization of a combination of compressed air and oil as lubricant which 

is sprayed directly into the grinding zone. Nevertheless, the performance of the MQL 

nanofluid depends solely on the tribological properties of the nanofluid. This tribological 

property depends on the chemical and thermal characteristics of the nanoparticles. Peng 

et al. (2009) reported that the silicon dioxide nanoparticles have very good anti-wear 

characteristics, heat removal capacity and prevents burning. Thus, the nanoparticle can 

effectively help to improve sliding actions between the surfaces in contact by creation of 

a thin layer of mechanically formed tribofilm on the wheel’s surface. 

 
Figure 5.4: Illustration of lubricant spraying during MQL grinding process (Rabiei 

et al., 2017). 

The nanofluids are recently being utilized in manufacturing processes due to the 

various benefits they proffer. The nanofluids are produced by making a suspension of the 

nanoparticles in base fluids that are either oil-based or water-based. The nanofluid MQL 

process is an effective technique that is capable of decreasing the friction due to effective 

increase in lubrication and tribology. This is evident from formation of tribofilm and 
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effective delivery of lubricant into the grinding zones. The tribofilms formed depend on 

the tribological properties of the nanoparticles/nanofluid, whereas the delivery of the 

nanofluid is attributed to the high-pressure propulsion of the mist particles into the 

grinding region. 

Table 5.1: Mechanical properties of SiO2 

Properties SiO2 

Size 5-15nm 

Structure Amorphous 

Specific heat 1.0J/g-K 

Thermal expansion coefficient 5.6×10-7/K 

Melting point  ~1600 ºC 

Density  2.2 g/cm3 

Dielectric constant 3.9 

Dielectric strength 107 

Thermal conductivity at 330K (W/cm-K) 0.014 

The vegetable oil-based SiO2 nanofluid was prepared in steps similar to the ones taken 

by authors’ (Sayuti et al., 2013). The process of preparing the SiO2 based nanofluids 

involves adding SiO2 nanoparticles into the oils followed by sonication. The oils used in 

this work were selected due to their high viscosity even at high temperatures. The oils 

also have good lubrication capacities and are environmentally friendly. They include corn 

oil, canola oil and sunflower oil. The properties of these oils are summarized in Tables 

5.2, 5.3 and 5.4. The nanofluid was produced by mixing the nanoparticle with the fluids 

in an ultrasonic mixer. Ultrasonic homogenizer (Sonics vibra-cell) with titanium made 

sonotrode was used to vibrate the nanofluid mixture for a period of 20mins with machine 

settings of 750watt and 20-kHz. Afterwards, the fully suspended nanofluid was then used 
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as the lubricant for the MQL grinding operations. An example of the prepared nanofluid 

is shown in Figure 5.5. 

 

Figure 5.5: Preparation of nanofluid using sonicator. 

Table 5.2: Properties of Canola oil. 

S/N Parameter  Value 

1 Relative Density (g/cm3; 20°C/water at 20°C) 0.914 - 0.917 

2 Refractive Index (nD 40°C) 1.465 - 1.467 

3 Crismer Value  67 - 70 

4 Viscosity (Kinematic at 20°C, mm2/sec) 78.2 

6 Smoke Point (°C) 220 - 230 

7 Flash Point, Open cup (°C) 275 - 290 

8 Specific Heat (J/g at 20°C) 1.910 - 1.916 

9 Thermal Conductivity (W/m°K) 0.179 - 0.188 
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Table 5.3: Properties of Corn oil. 

S/N Parameter  Value 

1 Density/Specific Gravity  0.916-0.921 at 25°C  

2 Melting (solidification) point  Solidifies at −18 to −10 °C  

3 Boiling (smoke) point  230 to 238° C  

4 Flash point 254°C 

5 Solubility  Slightly soluble in alcohol  

6 Vapor pressure  3.18 x 10-11  

7 Octonol/Water (Kow) coefficient  1.86  

8 Viscosity  η = 70 mPa·s at 20°C  

Table 5.4: Properties of Sunflower oil. 

S/N Parameter Value 

1 Smoke point (refined)  232 °C  

2 Smoke point (unrefined)  107 °C  

3 Density (25 °C)  918.8 kg/m3  

4 Refractive index (25 °C)  ≈1.4735  

5 Saponification value  188-194  

6 Iodine value  120-145  

8 Viscosity (25 °C), unrefined  0.04914 kg/(m*s)  

 

5.3.3 Experimental settings and data acquisition 

The grinding experiments were conducted on a high precision surface grinding 

machine (NI 450AV2) (shown in Figure 5.2a). The process parameters used in this work 

are given in Table 5.5. A full factorial experimental design was used to conduct the 

experiments (see Table 5.6). 
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Table 5.5: Experimental settings 

S/n Lubricant Concentration 

(%) 

Frequency 

(kHz) Conventional 

lubrication 

MQL Oil-

based 

1 Flood cooling Canola 0 0 

2  Corn 0.5 20 

3  Sunflower 2  

Table 5.6: Experimental design 

Experiment 
no. 

Run no. Lubricant Concentration 
(%) 

Frequency 
(kHz) 

1 5 Canola 0 0 

2 10 Sunflower 0 20 

3 3 Corn 0 0 

4 6 Canola 0 20 

5 9 Sunflower 0 0 

6 4 Corn 0 20 

7 17 Canola 0.5 0 

8 14 Sunflower 0.5 20 

9 7 Corn 0.5 0 

10 18 Canola 0.5 20 

11 13 Sunflower 0.5 0 

12 8 Corn 0.5 20 

13 19 Canola 2 0 

14 16 Sunflower 2 20 
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Table 5.6, continued 

Experiment 
no. 

Run no. Lubricant Concentration 
(%) 

Frequency 
(kHz) 

15 11 Corn 2 0 

16 20 Canola 2 20 

17 15 Sunflower 2 0 

18 12 Corn 2 20 

19 1 Flood 

cooling 

- 0 

20 2 Flood 

cooling 

- 20 

The wheel type, workpiece material (See Figure 5.7 and Table 5.8 for elemental 

composition), experimental settings used in this study are presented in Table 5.7. During 

each grinding run, the x and z-axis components of the grinding forces were measured 

using the KISTLER-9272 dynamometer. The forces were acquired using a three-channel 

amplifier (Kistler 5019 charge amplifier) and the four-channel GDS-2204-oscilloscope. 

In addition, the surface roughness was measured along the grinding feed direction using 

a profilometer. An example of the forces and surface roughness measurement are 

respectively shown in Figures 5.6 a & b. 
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(a) 

 

(b) 

Figure 5.6: Example of (a) grinding force (b) surface roughness. 
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Table 5.7: Experimental settings 

Grinding Conditions 

Wheel speed (Vs)  31.42 m/s 

Table speed (Vf) 10 m/min 

Depth of cut (ae) 20 µm 

Grinding wheel Diamond SD120M100M 

MQL flow rate, pressure, stand-off distance 150 ml/hr, 10Bar, 55mm 

MQL flow rate, Q 30 L/min 

MQL nozzle horizontal angle, ɵ 30º 

Workpiece material Silicon nitride ceramic 

Total Dressing depth 20µm 

Dressing feed 500mm/min 
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(a) 

 

(b) 

Figure 5.7: EDX analysis of element composition of Si3N4. 
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Table 5.8: Elemental composition of Si3N4 ceramic. 

Element Wt% At% 

  CK 07.21 10.04 

  NK 41.63 49.69 

  OK 21.70 22.67 

 AlK 02.58 01.60 

 SiK 26.89 16.01 

Matrix Correction ZAF 

 

5.4 Results and discussions 

The results were measured after each experimental test run. An example of the result 

for grinding forces from experimental run 7 & 8 is given in Figure 5.8. The average 

values of normal grinding force (Fn), tangential grinding force (Ft) and surface roughness 

(Ra) are presented in Figures 5.9. 
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(a) 

 

(b) 

Figure 5.8: Signal of grinding forces obtained from oscilloscope for experimental 

runs 7 and 8 with setting: lubricant type=corn oil; nanofluid concentration 0.5% (a) 

frequency= 0-kHz (b) frequency= 20-kHz. 
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2017). According to the results shown in Figure 5.9, it can be seen that among the 

vegetables oils used as the MQL fluids, the canola oil produced the lowest grinding 

forces, whereas the sunflower has the highest forces. The nanofluid formed with corn oil 

was also found to perform very well with about the same performance as the canola oil. 

The finding also shows that the effective performance of the SiO2 nanofluid in an MQL 

process highly depends on the properties of the base oil utilised in the nanofluids. 

Furthermore, the formation of thin layer of tribofilms through pulping and grinding of the 

nanoparticles could be attributed to the high reduction in friction and deformations 

inflicted on the workpiece material. This finding corroborates the reports of author’s 

(Dambatta et al., 2018; Sayuti et al., 2014).  

Furthermore, the results obtained also show that the 2% nanoparticle concentration has 

better performance than both the lower concentrations and the flood cooling technique. 

Also, the flood cooling samples were observed to be cleaner and without redeposition of 

removed chips, indicating effective evacuations of debris. However, the workpiece 

machined with the 0% nanofluid concentration was found to contain extremely poor 

surface quality with severe deformations. This indicates that the vegetable oils on its own 

does not perform much lubrication. However, upon addition of the SiO2 nanoparticles, 

the surface quality of the machined surface greatly improves. The trend was observed 

such that when high concentration of the nanofluid was used, the surface quality increases 

significantly. The canola and corn oils were observed to produce superior surface quality 

compared to the sunflower oil. This can be attributed to the lower viscosity (at high 

temperatures) and smoke point of the sunflower, which makes it difficult for the 

formation of tribofilms around the grinding region. This finding agrees with the obtained 

by author (Li, B. et al., 2016). 
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The result for Ra measured along the feed direction for experimental condition is 

shown in Figure 5.9c. It was found that when only the base oils were used as the MQL 

lubricant, the surface roughness obtained were similar to the flood cooling conditions. In 

fact, the lateral vibrations were seen to cause some amount of deterioration of the surface 

quality. However, with increase in the concentration of the nanofluids, the surface 

roughness was observed to be decreased. The UAG experiments conducted using highly 

concentrated canola oil based nanofluid were observed to proffer the lowest surface 

roughness. 

5.4.2 Effect of lateral ultrasonic vibration 

The effect of applying high frequency ultrasonic vibrations of 20-kHz on the 

workpiece material was also investigated. The results obtained from the UAG 

experiments were compared with those of the CG process.  

Figures 5.9a & b respectively show the results of the grinding forces Ft and Fn. It can 

be seen that the UAG experiments have lower grinding forces compared to the CG 

experiments. It was found also fund that during the UAG, the normal force obtained for 

the different MQL lubricants was reduced from 38% to 58% compared to the flood 

cooling lubrication. The 2% nanofluid concentration was found to have the highest 

reduction to normal forces. The results show that when the nanofluid and the UAG 

process are hybridized into the grinding system, it results in significant reduction of the 

normal grinding forces. This desired grinding performance can be attributed to the 

intermittent separations occurring at the grinding zone due to the high frequency 

oscillations.  

Similarly, the results the tangential force obtained in the UAG process were found to 

be lower by 49% to 70% compared to the CG. Generally, the ultrasonication helps to 

significantly lower the grinding forces during the grinding operations. The resultant 
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reduction of the grinding forces due to ultrasonication can be attributed to better 

penetration of the diamond grits into the work material as a result of the complex material 

removal mechanism in the ultrasonic grinding process. Also, the self-sharpening 

phenomenon explained by (Molaie et al., 2016) also helps to significantly reduce the 

grinding forces and improves the tool life. The rate of reduction of the grinding forces 

was found to be highly concentrated MQL nanofluids were used as the lubrication 

technique in the grinding process.  

Among the vegetable oils used in the study, the canola oil was found to give the best 

surface quality from the UAG process. The samples machined using the CG systems were 

found to have poor surface quality. In general, the lubricant with higher concentration of 

nanofluid combined with ultrasonic assistance was found to have the best performance 

during the grinding operations.  

Compared with the conventional flood cooling lubrication system, the canola oil was 

found to have the highest rate of reduction of the grinding forces amongst the vegetable 

oils used in this work. Similar trend was observed in surface roughness of the machined 

parts. The performance of the oils were found to improve significantly with addition of 

the SiO2 nanoparticles. The tangential grinding force from the UAG and MQL process 

was found to be lowered by about 49-69% compared to the flood cooled operations. 

Similarly, with the hybridization of the MQL nanofluids and UAG process, there was 

about 38-58% reduction in the normal force and 10-37% reductions in surface roughness. 

As seen from the results obtained, although the SiO2 nanoparticles were seen to 

significantly improve the outcome of the grinding process, the properties of the base oils 

contributes significantly to the enhancement of the process. The viscosity and 

composition of oils play a significant role in their tribological performance during the 

grinding operations. Previous studies have shown that the lubricity of the nanofluid 
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during machining depends on the tribofilm produced by the nanofluids. The tribofilm 

consists of different kinds of chemical layers around the grinding zone. The superior 

tribological properties observed in the Canola nanofluid could be attributed to the higher 

viscosity of the canola base oils, and the outstanding performance of the tribofilms 

formed. Previous studies have shown that some base oils are capable of maintaining their 

viscosities at high temperature which helps them perform better in terms of lubrication 

during MQL grinding operations (Molaie et al., 2016). 

5.5 Summary 

The MQL process has been shown in previous research works to be an alternative to 

traditional flood cooling lubrication methods for machining hard materials. The flood 

coolants are mostly synthetic hydrocarbon-based, and were found to be hazardous to the 

environments, in addition to being expensive. The MQL process was found to help reduce 

the energy consumed during grinding operations, increase the surface quality and wheel 

life. In terms of cost, the MQL process helps to significantly reduce lubricant 

consumption by a thousand times. As such, the cost of machining superhard materials can 

be greatly reduced when the MQL process is used. Previous works have shown that the 

efficiency of the MQL process can be improved by utilization of nanofluids as the 

lubricant of the process. Proper selection of the base oils and nanoparticles will result in 

optimum performance and better efficiency of the machining process. The nanoparticles 

when added into the oils, have been found to enhance tribology of the oils and increase 

their lubricity. In addition, the introduction of lateral ultrasonic vibrations onto the 

workpiece material during grinding was found to also help improve the efficiency of the 

process. In this work, the CG and UAG of Si3N4 ceramic was performed using flood 

cooling and MQL techniques. Eco-friendly vegetable oils (i.e. corn, canola and sunflower 

oils) were used as the base oils for the nanofluid in the MQL process. SiO2 nanoparticles 

were used as additives to the vegetable oils in other to produce the nanofluid. The SiO2 
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nanoparticles were selected because they very cheap, are readily available and, have high 

heat evacuation/lubrication ability. The grinding experiments were performed using the 

same machine parameter settings. The results from the experiments indicate that the MQL 

technique was better than the flood cooling process. Also, the UAG process has much 

higher process efficiency than the CG process. The lowest value for grinding forces and 

surface roughness were found in the experiments performed using the hybrid of MQL 

(2% nanofluid concentration) and the UAG process. The canola oil was found to have 

better performance than both the sunflower and corn oils. In addition, the results obtained 

show that when corn oil was used as the base oil of the MQL lubricant, an increase in the 

concentration of the nanofluid from 0% to 2%, will lead to reduction of the normal 

grinding force by 58%. Under the same condition, the tangential force was found to 

reduce by more than 69%. Furthermore, compared to the results obtained from the flood 

cooling technique, when the canola oil was used as the MQL base oil, the 2% nanofluid 

concentration was found to result in the highest average reduction of the grinding forces 

and surface roughness. Lastly, the sunflower oil was found to have the poorest lubrication 

ability among the base oils used in this work. It was also found that the process of 

ultrasonication helps to increase the surface quality in the ground samples during MQL 

grinding. The samples ground using the hybridized MQL and UAG techniques were 

found to have the best surface integrity.  
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CHAPTER 6: CONCLUSIONS AND FUTURE RECOMMEMDATION 

6.1 Conclusion 

The applicability of advanced ceramics in various engineering fields has recently seen 

tremendous increase due to their desirable properties. Their superior physical strength 

and chemical stability them highly desirable. 

The CG process being the most popular method of machining the advanced ceramic 

materials has many limitations such as high grinding forces and poor surface quality. The 

CG process has been found to be characterized by surface/subsurface damages and 

intense tool wears. This unwanted outcomes are a major setback to the applicability of 

the ceramic materials. 

In this study, we have proposed the use of ultrasonic assisted grinding and SiO2-based 

nanofluid in MQL technique to machine Si3N4 ceramic. The MQL process was found to 

be a better lubrication technique than the traditional flood cooling method. The MQL 

process has been found to decrease the grinding energy with resultant increase in surface 

qualities of the machined components.  

Furthermore, the introduction of lateral ultrasonic vibrations onto the workpiece 

material during grinding was found to also help improve the efficiency of the process.  

Generally, the following conclusions could be drawn; 

✓ The use of eco-friendly oils in MQL process was found to improve the 

machining performance of the grinding process.  

✓ The utilization of SiO2 nanofluid in the MQL process was found to provide 

effective lubrication during grinding Si3N4 ceramic. This is evident from the 

lower grinding forces and improved workpiece surface roughness obtained in 
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this research. The excellent performance of the SiO2 based nanofluid can be 

attributed to the formation of tribological films by the SiO2 based nanofluid. 

✓ Higher concentration of the nanofluid was found to have the best performance 

during MQL grinding operations. In addition, the existence of surface 

deformations such as microcracks, furrows, SSD’s were found to decrease 

significantly when the MQL nanofluid was used in the grinding operations. 

✓ The canola oil was found to have better performance as a base oil due to its 

high viscosity. 

✓ Compared to the flood cooling lubrication, the MQL lubricants were found to 

bring about 40% reduction to the normal grinding force. Moreover, there was 

up to 70% reduction of the tangential grinding force Ft. Also, surface roughness 

was found to decrease by 30%. 

✓ Lastly, the ANFIS prediction models were found to have very high prediction 

accuracies, as such they can be used to effectively predict the outcomes of the 

grinding experiments using only the process variables.  

6.2 Future recommendation 

Recently, advanced engineering ceramics such as Si3N4, zirconia, silicon carbide and 

alumina, have gained much relevance in various manufacturing industries. Studies have 

shown that the machining of these materials requires higher part quality, precision and 

increased efficiency.  

The extensive application of the advanced engineering ceramics into the different 

engineering fields highly depends on their machinability. Hence, it is crucial that the 

manufactured materials be defect-free, and have high reliability. 

The ultrasonic assisted grinding technique has been found to have high MRR, better 

surface and sub-surface quality, and highly economical. The UAG process has shown 
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great capacity in grinding of advanced ceramics. However, it needs to be further 

scrutinized for optimal performance and higher efficiency. Thus, it would be of great 

importance to make a thorough investigation to analyze effects of the UAG parameters 

(such as vibration amplitude and vibration frequency) on different performance indicators 

such the grinding energy, flexural strength, bending strength, and phase transformations. 

High grinding forces pose the greatest threat to the efficiency, and quality of 

components produced during the grinding process. The excessive grinding force also 

leads to increase in heat generation. As such, a thorough investigation of any potential 

technique that could lead to the reduction of the heat generated & grinding forces should 

be explored on. For instance, the use of cryogenic gases instead of air in the MQL process 

should be investigated. Since phase transformation is among the main source of residual 

stress, the phase transformation during grinding of the ceramic materials as a result of 

generated residual stress should also be studied extensively. 
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