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Abstract 
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Abstract 

To ensure the surface finish and form accuracy simultaneously, 

ultra-precision grinding has been widely employed in the machining of hard and 

brittle materials, such as engineering composites, carbides, optical glasses, and 

cermet materials. However, there are still great challenges in achieving an optical 

mirror surface with good surface integrity. Indeed, the combined effects of 

material properties, processing parameters and wheel wear on the surface 

generation and damage mechanism still need further investigation in 

ultra-precision diamond grinding of brittle materials. Besides, as a potential 

candidate for machining functional surface, ultra-precision grinding with a sharp 

edge wheel has been developed, but its wide application still need more efforts 

and exploration. 

In this thesis, the theoretical and experimental study on the surface damage 

mechanism and surface generation of typical engineering ceramics (WC/Co and 

RB-SiC/Si) under ultra-precision grinding with a sharp edge wheel is divided 

into four parts. In the first part, Vickers-indentation and single point diamond 

scratch tests are firstly utilized to investigate the damage mechanism induced by 

the interaction between the abrasive grit and workpiece materials. Moreover, to 

analyze the surface damage mechanism in high spindle speed grinding (HSSG), a 

novel plunge grinding experiment is conducted at the creep feed condition, and 
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the typical surface characteristics between WC/Co and RB-SiC/Si are analyzed 

and compared. 

The second part is dedicated to investigate the grinding induced surface 

damage mechanism and the surface generation in relation to the machining 

parameters, spindle vibration and material removal rate. New grinding induced 

damage mechanisms, such as amorphization of SiC, preferred phase growth and 

the impact of C segregation, are identified. In addition, the non-uniform surface 

finish of a specific workpiece is explored experimentally and theoretically. 

The effects of materials microstructure on the surface damage mechanism 

and surface generation is then studied in the third part, focusing on the effect of 

binder addition. Even though Co and Si can improve the density and toughness 

of bulk materials, the different mechanical properties between the composition 

phases and the existence of phase boundaries both contributed to the 

non-uniform material removal rate and resulted in the formation of reliefs, edge 

chipping and grain dislodgement. Moreover, the phase transformation induced 

volume change of Si and the extrusion of Co under the dynamic pressure of the 

diamond grits lead to the generation of projections on the machined surface. No 

obvious oxidation of Co and Si occurred for WC/Co and RB-SiC/Si under high 

spindle speed grinding (HSSG) with minimum quantity lubrication (MQL). 

In the fourth part, the wear mechanism of the diamond wheel is studied, and 

its impact on the surface generation is analyzed. The wheel wear mechanism 
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involves rapid loss of the sharp edge, grit splintering, flattening, and oxidation. 

Two appropriate dressing methods are proposed to obtain a sharp edge on the 

diamond wheel. With the well prepared wheels, two types of functional surfaces 

are machined by ultra-precision grinding. The results showed that with the 

proposed grinding protocol, the form accuracy and surface finish could reach 

0.28 μm (PV), 9 nm (Ra) for the Ф15 mm TiC based hemisphere couples and 

0.64 μm (PV), 6 nm (Ra) for the Ф20 mm ‘Water-drop’ surface on binderless 

tungsten carbide. 

The originality and significance of the present research is shown in the 

following three aspects: (i) new grinding induced surface damage mechanism is 

identified, including the impact of C segregation, preferred phase growth, etc., so 

the present research contributes to the understanding of the machining induced 

surface damage mechanism; (ii) the effects of materials microstructure and wheel 

wear on the surface characteristics of typical engineering carbides in 

ultra-precision grinding with a sharp edge wheel are analyzed, and 

comprehensive knowledge of the surface generation in ultra-precision grinding 

of brittle materials is achieved; (iii) this study provides clear comprehension on 

the technique to machine functional surfaces by wheel normal grinding, and it 

promotes the development of the grinding technology of hard and brittle 

materials. 
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Chapter 1 Introduction 

1.1 Background 

1.1.1 Grinding of hard and brittle materials 

With the rapid development of materials science, some new types of 

materials, such as high-strength alloys, hard and brittle ceramics and advanced 

composites, are being widely used in the aerospace industry, in automation and 

the biomedical field, in nuclear facilities and optical devices. Among them, hard 

and brittle ceramics, including silicon carbide (SiC), tungsten carbide (WC), 

silicon nitride (Si3N4), alumina (Al2O3) and titanium carbide (TiC) are 

extensively utilized in various industries. However, the main accompanying 

problem is how to machine them to meet the requirements of surface smoothness 

and form accuracy. In addition, cost effectiveness is another practical aspect in 

the machining technology (Brinksmeier et al., 2010; Oliveira et al., 2009). 

Therefore, machining of these materials with high precision and efficiency is 

now becoming an extensive research topic all over the world.  

Ultra-precision grinding is deemed as one of the most appropriate methods 

for these difficult to machine materials. To differentiate grinding from lapping 

and polishing, it is referred as an abrasive process using fixed abrasive grits 

(Marinescu et al., 2006). Basically, there are six elements in the grinding process: 

ultra-precision machine, grinding wheel, workpiece, coolant, environmental air. 
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An illustration of the grinding process is shown in Figure 1.1. The ultra-precision 

machine certainly determines the accuracy limit, and only the grinding wheel and 

coolant type are selectable. Ultra-precision grinding could fulfill the 

requirements of high surface finish, good surface integrity and relative high 

efficiency at the same time, compared to most of other technologies (Brinksmeier 

et al., 2010). Nevertheless, at a high surface speed and material removal rate, 

there are some unexpected problems in the grinding process, such as subsurface 

cracks, rough surfaces, phase transformation, thermal damage, vibrations, chatter 

and wheel wear, which all have great impact on the service life and mechanical 

properties of the machined parts. Therefore, before we can find a way to solve 

and avoid these problems, to know and understand what really occurs during the 

process is the first step.  

 

Figure 1.1 Illustration of the grinding process (Brinksmeier et al., 2010) 

1.1.2 Parallel grinding of functional surface 

A functional surface machined on hard and brittle materials is becoming 

more and more extensively applied in the optical industry, mechanical electronics, 
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biomedical and military fields. Specifically, parallel grinding is widely used to 

machine spherical surfaces, aspherical surfaces and axisymmetric structured 

surfaces, as illustrated in Figure 1.2. How to manufacture them on hard and 

brittle materials with high form accuracy and better surface smoothness has 

attracted wide attention all over the world. This is regarded as a key technology 

in the 21st century, which is of great strategic significance.  

 

Figure 1.2 Illustration of functional surface machined by parallel grinding: (a) and 

(b) spherical and aspherical surface (Guo and Zhao, 2015a; Klocke et al., 2013); (c) 

and (d) Fresnel structured surface (Bletek et al., 2013; Furuki et al., 2012) 

With the continuously high requirements for optical elements, hard and 
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brittle materials are gradually replacing the traditional molds made of steel, 

aluminum, and copper materials. For example, silicon carbide (SiC) and tungsten 

carbide (WC) etc. are widely used in the production of molds to meet the 

requirement of high volume production. In comparison with conventional 

materials, these materials are provided with high strength and hardness, great 

temperature and corrosion resistance, as well as light weight. The parallel 

grinding technique has been widely utilized to machine various types of 

micro-structured surface on these materials (Saeki et al., 2001; Tohme, 2007), 

even though there are some limitations on the size (Spur and Holl, 1996). 

Therefore, the right choice and preparation of tools is the first prerequisite for the 

ultra-precision machining process. Even during the grinding process, the wear of 

wheel also makes it a necessity to dress and align the wheel frequently. For 

diamond grinding, there are three main types of wheel profile wear: profile 

deviation, roundness deviation, and changes in the grinding wheel sharpness, 

while the abrasive wear is divided into flattening, grain splintering and break-off, 

according to (Marinescu et al., 2006). Actually, “Grinding is dressing” may be 

the most appropriate slogan to describe the special significance of dressing 

before and during the grinding process (Wegener et al., 2011). Especially for the 

parallel grinding of structural surfaces, the sharp edge on the diamond wheel is 

needed, but the rapid wear always makes it more difficult to achieve the designed 

profile. Therefore, to find an appropriate method to align and dress the diamond 
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wheel effectively is the primary task before the machining of structural surface 

(Bletek et al., 2013; Oliveira et al., 2010; Suzuki et al., 2012). In addition, as the 

wear of the diamond wheel is inevitable, its impact on the surface generation 

needs to be considered. 

1.2 Research Objectives 

By a combination of theoretical analysis and the experimental investigation, 

this research aims to study and reveal the machining induced surface damage 

mechanism and surface generation during ultra-precision grinding of two typical 

engineering ceramics (RB-SiC/Si and WC/Co) by various characterization and 

measurement technologies. This study also provides fundamental knowledge for 

the machining of functional surfaces with a sharp edge wheel and promote the 

development of ultra-precision grinding of hard and brittle materials. Specifically, 

the study has the following objectives:  

(i) To explore and analyze the damage mechanics of the selected workpiece 

materials under both dynamic and quasi-static conditions by single point 

diamond scratching and indentation (Vickers-hardness indentation and 

nano-indentation). 

(ii) To reveal and explain the surface generation and damage mechanism of 

RB-SiC/Si and WC/Co under ultra-precision grinding with sharp edge diamond 

wheels, as well as to optimize the processing parameters in order to enhance the 
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surface integrity and reduce the subsurface damage. 

(iii) To identify the effects of the materials microstructure on the surface 

generation and surface integrity, and to reveal the new damage mechanism 

induced by the grinding process for a specific material. 

(iv) To provide appropriate truing and dressing technology to achieve sharp 

edges on the diamond wheels, with the impact of wheel wear on the surface 

generation being investigated. With the well prepared diamond wheel, precision 

grinding of two typical functional surfaces will be performed. 

Overall, this research is meaningful for its great scientific and engineering 

significance. It takes different aspects into consideration in the ultra-precision 

grinding of typical engineering brittle materials to investigate the surface 

generation and damage mechanisms, including the fracture mechanics, phase 

transformation mechanism, chemical reaction and the dynamic process. On this 

basis, this study can lay the foundation for ultra-precision machining of hard and 

brittle materials to meet the specific performance requirements. 

1.3 Organization of the thesis 

The thesis is divided into seven chapters. Chapter 1 gives an overall 

introduction to the background of this study, focusing on ultra-precision grinding 

technology and its application in machining hard and brittle materials. Motivated 

by the unclear damage mechanism and urgent industrial need, the main 
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objectives and significance of this study are also proposed and stated. Chapter 2 

is a literature review, and it delivers comprehensive knowledge on the 

ultra-precision grinding of hard and brittle materials, including the material 

removal mechanism, surface plastic deformation and cracking, phase 

transformation, chemical reaction, the effects of diamond wheel wear, as well as 

the grinding of rotary symmetrical and structured surfaces, such as spherical 

surfaces, aspherical surfaces and Fresnel surfaces. Chapter 3 describes the 

exploration of the surface damage mechanics of the selected typical engineering 

carbides (RB-SiC/Si and WC/Co) under dynamic single point diamond 

scratching and quasi-static indentation tests (Vickers-hardness indentation). To 

illustrate the surface damage mechanism during high spindle speed grinding 

(HSSG), a novel plunge grinding methodology is utilized to illustrate the 

material removal mechanism. Chapter 4 focuses on the investigation on the 

nanometric surface characteristics of RB-SiC/Si and WC/Co under parallel 

grinding with a sharp edge wheel, such as the surface roughness, phase 

transformation and oxidation, and the surface generation mechanism of WC/Co 

and RB-SiC/Si carbides is compared. New types of grinding induced surface 

damage under high grinding temperature and high pressure is investigated by X 

ray diffraction. Chapter 5 describes the study of the effects of the materials 

microstructure on the surface generation and damage mechanism. Attention is 

drawn to study the effects of binder addition on the surface characteristics after 
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high spindle speed grinding (HSSG), in comparison to the results of the 

indentation test. In Chapter 6, the method for truing and dressing of the diamond 

wheel to achieve a sharp edge is introduced. The wear mechanism of the 

diamond wheel is investigated, and the impact of macro-wheel wear and 

micro-wheel wear on the surface generation is explored. With the prepared 

diamond wheels with sharp edges, two typical functional surfaces are machined 

by ultra-precision grinding. Finally, the overall conclusions of the research are 

provided in Chapter 7, as well as the suggested future work. 
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Chapter 2 Literature review 

2.1 Structure and properties of SiC and WC 

Difficult to machine materials refer to those that are inclined to cause 

serious tool wear, high machining temperature and force, or poor surface quality 

(Shokrani et al., 2012). Specifically, difficult to machine materials cover high 

performance alloys (superalloy, titanium alloy, high strength steels), hard and 

brittle materials (engineering ceramics, optical glasses, functional crystalline), 

and some composites.  

Typical engineering carbides, such as SiC, WC, B4C, etc., are now widely 

used in tough environments, for example, aerospace and astronautics, nuclear 

industries and precision molding fields, due to their high temperature hardness 

and strength, great chemical stability, excellent wear and corrosion resistance 

which are attributed to the strong covalent or ionic bonds between the Si, W, Ti 

and C atoms. Moreover, devices made of these materials are also characterized 

by excellent performance and long service life. The crystal structure of 

RB-SiC/Si and WC/Co carbides is illustrated in Figure 2.1. For silicon carbide 

(SiC), it is always divided into α-phase (4H-SiC, 6H-SiC) and β-phase (3C-SiC). 

A previous study demonstrated that high temperature and pressure during 

machining could cause transformation between these structures (Ni and Li, 2012). 

In order to densify and improve the mechanical properties of bulk materials, 
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different methods have been utilized to fabricate blanks, including reaction 

bonding sintering, hot pressing sintering, pressureless sintering, etc (Liang et al., 

2015). For WC, it is always used with the addition of 6%-20 wt.% cobalt, and a 

Vickers hardness of more than 2200 HV can be obtained. In comparison, the 

binderless WC provides better chemical and wear resistance and is very suitable 

for use as die materials. The glass molding process by WC precision molds can 

realize mass production with high efficiency.  

 

Figure 2.1 Crystal structure of the 6H-SiC, 4H-SiC, 3C-SiC and WC material 

Ultra-precision grinding of such materials has aroused extensive study 

worldwide and is deemed as one of the most appropriate methods that can 

machine these materials with high efficiency and good surface finish 

(Brinksmeier et al., 2010; Spur and Holl, 1996). Among the varied grinding 

methodologies, parallel grinding is now widely used in the fabrication of 

axisymmetric functional surfaces, such as spherical surfaces, aspherical surfaces 

and Fresnel surfaces (Huang et al., 2007; Hwang et al., 2006; Saeki et al., 2001; 

Sun et al., 2006; Tohme, 2007). An illustration of the parallel grinding process is 
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shown in Figure 2.2. Generally, only two linear slide axes, one high rotational 

grinding spindle and one workpiece spindle are needed in the grinding process 

(Tohme, 2007). 

 

Figure 2.2 (a) Precision parallel grinding of tungsten carbide insert with tilted 

grinding spindle; (b) illustration of the kinematics for parallel grinding 

(Brinksmeier and Osmer, 2010; Saeki et al., 2001) 

2.2 Material removal mechanism 

Brittle fracture and ductile regime material removal mechanism in grinding 

were reported during the machining of hard and brittle materials (Bifano et al., 

1991). The micro-fracture mechanism could contribute to the efficiency of 

grinding, but it seriously deteriorates the surface integrity, including the surface 

roughness, crack formation, and surface chipping. Fortunately, ductile material 

removal can be used to provide crack-free surfaces and achieve a surface finish 

(Ra, arithmetical mean deviation of the profile) of less than 10 nm (Carlisle and 

Stocker, 1997).  

For a specified grinding machine, the critical depth of cut for ductile cutting 



Chapter 2: Literature review 

12 

depends on the workpiece material, wheel structure, grinding parameters and 

also the coolant addition (Brinksmeier et al., 1999; Brinksmeier et al., 2010; 

Shokrani et al., 2012). The critical depth of cut is closely related to the maximum 

undeformed chip thickness during the grinding process (Fang et al., 2013), which 

can be expressed as follows (Malkin and Guo, 2008a): 
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in which, hmax is the maximum undeformed chip thickness, ae is the grinding 

depth, vw is the workpiece speed, vs is the wheel speed, dse is the equivalent 

diameter of wheel, C is the grit surface density and r is the ratio of the chip width 

to the average undeformed chip thickness. It has been found that fine grain 

wheels always remove workpiece material by plowing and scratching, and 

ductile material removal could be realized more easily to minimize the amount of 

edge chipping and micro cracks under optimized parameters (Hoffmeister and 

Wittmer, 2010; Ohmori and Nakagawa, 1995). Moreover, Brinksmeier et al 

(2000) described a novel process to achieve ductile removal of hard and brittle 

material by a coarse grain wheel, and the results showed that the flattened top 

surface of the coarse grain was regarded as the necessary condition for ductile 

grinding. Furthermore, the elevated high temperature in the grinding zone would 

reduce the yield strength of the workpiece materials, promoting the plastic 

deformation of hard and brittle materials. This has brought up the idea of 

utilizing external heat source, such as laser assisted machining (LAM) and 
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plasma enhanced machining (PEM), to assist in the machining of difficult to 

machine materials (Sun et al., 2010). 

Brittle to ductile transition has been widely investigated by micro-and 

nano-indentation testing and the critical load for ductile mode machining could 

be found by this quasi-non-destructive technique (Shimada et al., 1995). It was 

widely applied to model and investigate the material removal mode during 

ultra-precision machining of hard and brittle materials, as well as subsurface 

damage in grinding (Suratwala et al., 2006). As is known, plastic deformation 

would occur firstly under the pressure of the indenter, and radial cracks would be 

induced at the point of the sharp edge, and then the lateral cracks could be 

evoked as the deformation reaches the fracture strength, as illustrated in Figure 

2.3. Based on the previous investigation (Gao et al., 2010; Goel et al., 2013; 

Lawn and Evans, 1977; Lawn and Marshall, 1979), the critical load of 

indentation crack P could be described by the following equations: 
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where Pr is the critical load of radial crack, Pl is the critical load for lateral crack, 

E is the elastic modulus, H is the hardness, Kc is the fracture toughness, λ0 and μ0 

are the geometrical constants dependent on the material (λ0=1.6×104 and μ0=120 
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were always used), c is the crack length, ζ is a dimensional constant and f(E/H) is 

an attenuation function.   5102 HEf  is usually used. Based on the 

concept of material removal energy, the critical depth of cut to achieve ductile 

material removal was proposed as follows (Bifano et al., 1991; Guo et al., 2013): 
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Figure 2.3 Illustration of the initiation of median crack in elastic/plastic 

indentation (Lawn, 1993; Lawn and Evans, 1977) 

Chen et al (2005) also performed indentation testing to investigate the critical 

condition for brittle to ductile transition and pointed out that the grain size of the 

wheel plays a primary role on the surface integrity. However, if the difference 

between the dynamic and static fracture toughness was considered, it could be 

derived as follows (Chen et al., 2005): 
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where dc is the critical depth of cut, α0 is the tip angle of the diamond grit, λ0 is 

an integrative factor and is around (1.0-1.6)×104, H is the material hardness, K1d 

is the dynamic fracture toughness, a is the diagonal size, and K0 is the affecting 

coefficient of the coolant. Their experimental results of grinding indicated that 

the finer grain wheel contributed to the better surface finish. The same 

conclusion was also reached by Klocke et al (2007), while the influence of feed 

rate and grinding speed was secondary. Moreover, molecular dynamics (MD) 

modeling and plunge cutting, as is shown in Figure 2.4, have been widely 

employed to investigate the critical depth of brittle to ductile material removal 

(Goel et al., 2013; Stoyanov et al., 2013; Xiao et al., 2015a, 2015b; Yan et al., 

2008; Yan et al., 2009). The results showed that the critical depth was dependent 

on the rake angle, tool feed and tool nose radius. 

 

Figure 2.4 Schematic model of: (a) molecular dynamics modeling; (b) a 

micro-groove plunge-cut test (Xiao et al., 2015b; Yan et al., 2009) 



Chapter 2: Literature review 

16 

2.3 Surface integrity: surface roughness, cracks 

formation, plastic deformation, phase transformation  

Field and Kahles (1964) firstly adopted "surface integrity" to describe the 

surface state after machining, and it is defined as "the inherent or enhanced 

condition of a surface produced in a machining or other surface generating 

operation". Under the complex environment in the machining zone, simultaneous 

mechanical, metallurgical, chemical and other changes might be induced in the 

surface materials (Lucca et al., 1998). For grinding, surface integrity is a widely 

used term to describe the quality of the machined surface, which summarizes the 

finished surface state generated under the environment of grinding force and 

elevated temperature, including cracks, plastic deformation, phase transformation, 

residual stress, heat affected zone, and so on (Oliveira et al., 2009). Then, the 

mechanical and physical properties of the devices are determined by the surface 

integrity, and the service life is affected.  

For the ultra-precision machining process, the form accuracy in 

sub-micrometer range and surface roughness (Ra) below 10 nm are often required. 

The damage mechanism, the relations between the form accuracy and surface 

roughness with the grinding parameters, and the extent of defects have been 

widely investigated by various methods. Systematic and fundamental 

investigations were conducted by the indentation method to study the cracks 

formation and propagation mechanism in brittle materials (Lawn, 1993). It was 
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found that the radial and lateral cracks are the two main crack systems and are 

closely related to the surface roughness and material removal mode, respectively 

(Agarwal and Rao, 2008). The hydrostatic stress exerted by the diamond grits 

would also cause plastic deformation around the grooves in the subsurface area, 

especially in the ductile material removal mode where scratching and plowing 

effects were involved (Agarwal and Rao, 2008).  

Perveen et al (2012) performed an investigation on the micro-grinding of 

glasses using a poly-crystalline (PCD) tool and proposed that the ratio of tangent 

feed force to cross feed force less than 1 was a good indication that the brittle 

regime cutting dominates. Besides, the results also showed that BK7 optical glass 

with higher fracture toughness had less surface damage. In terms of surface 

damage and subsurface cracks, Zhao and Guo (2015a) found that the surface 

integrity worsened with the increase of stock material removal rate.  

Moreover, the high temperature and pressure could cause phase 

transformation of the surface materials during the ultra-precision machining 

process (Duszová et al., 2013; Kindermann et al., 1999; Ni and Li, 2012), and 

oxidation would occur under this special condition (Goel et al., 2013). High 

pressure induced amorphization has been identified not only for Si but also for 

6H-SiC by TEM (Bhattacharya et al., 2004; Meng et al., 2016; Yan et al., 2009; 

Zarudi et al., 2004), as is shown in Figure 2.5. In addition, the stress induced 

phase transformation of WC was also identified during sliding tests (Stoyanov et 
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al., 2013). 

 

Figure 2.5 Amorphization of 6H-SiC during nano-scratching test (Meng et al., 

2016) 

To cool the grinding zone and reduce friction between the grinding wheel 

and workpiece, appropriate types of coolant are always utilized (Brinksmeier et 

al., 1999). In recent years, minimum quantity lubrication (MQL) was considered 

as a promising technique in grinding (Hadad and Sadeghi, 2012; Kalita, 2013; 

Morgan et al., 2012; Setti et al., 2014). Incidentally, to improve the surface 

quality of brittle materials and enhance the efficiency during grinding, ultrasonic 

vibration assisted grinding was developed, in which the workpiece or tool was 

vibrated (Spur and Holl, 1996). The intermittent and overlapping contact 

between workpiece and the diamond grits could reduce the grinding zone 

temperature and lower the surface damage level and surface roughness (Qu et al., 

2000; Wang et al., 2014; Zhu et al., 2016). Other researchers also tried to 

enhance the surface quality by improving the coolant supply system (Sasahara et 

al., 2014). In addition, ultra-precision grinding is always combined with the 

following polishing process as the finishing step to machine the complex 
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surfaces, as is shown in Figure 2.6. The surface quality achieved by 

ultra-precision grinding could save and determine the time and cost needed of the 

subsequent polishing stage (Klocke et al., 2007).  

 

Figure 2.6 Process chains for rotationally symmetric mold inserts (Klocke et al., 

2013) 

2.4 Effects of wheel wear and dressing 

During grinding, the wear of the grinding wheel results in dulling of the 

abrasive grits and size deviation of wheel. Three types of macro grinding wheel 

wear, profile deviation, roundness deviation and changes in sharpness, are often 

discussed, while the abrasive wear (micro wear) is divided into flattening, grain 

splintering and break-off (Marinescu et al., 2007). These reduce the grinding 

efficiency and have a great impact on the surface integrity and form accuracy of 

the workpiece. Therefore, corresponding conditioning of the wheel is essential. 

“Grinding is dressing” is a well-known slogan in the grinding field, which 
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indicates the extreme importance of the dressing of wheels that would seriously 

affect the material removal rate, surface quality, grinding temperature and force. 

Therefore, the dressing of wheels before and during the grinding process is of 

great necessity. Dressing is divided into truing and sharpening while cleaning is 

always simultaneously performed with the addition of coolants (Wegener et al., 

2011). Based on the topography of grinding wheels, Aslan and Budak (2014) 

proposed a semi-analytical model to predict the grinding force and pointed out 

that the dressing results had great influence on the grinding force. Axinte et al 

(2013) studied the influence of the grit shape on the material removal mechanism, 

and the results revealed that the increasing number of cutting edges contribute to 

ductile removal in grinding brittle materials. On the contrary, the flattening of the 

diamond grits increases the frictional effects and thermal loading due to the 

decreasing number of cutting edges involved in material removal (Spur and Holl, 

1996).  

The self-sharpness capability of a resin-bonded wheel could maintain its 

cutting performance in-process, but the random morphology alteration would 

result in serious profile deviation (von Witzendorff et al., 2014). Especially for 

fine grain grinding wheels, truing seems to be crucial for producing parts of high 

form accuracy. Suzuki et al (2012) proposed a new dressing method by alloy 

metals to sharpen the diamond wheel edge which was then used to machine 

Fresnel molds. Previous results showed that a sharp edged grinding wheel could 
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be successfully dressed by alloy blocks (Mo, Ta, Nb) to manufacture fine Fresnel 

features on tungsten carbide (WC), and optical surfaces could be achieved by this 

method (Bletek et al., 2013; Suzuki et al., 2012). In addition, micro-structured 

surfaces could also be machined by these specified micro-grinding wheels 

(Hoffmeister and Wittmer, 2010). Besides, the resinoid bonded diamond wheel 

trued by vanadium alloy also showed better wear resistance (Yamamoto et al., 

2007). 

Even though the metal-bonded wheel has a higher tool lifetime and better 

shape accuracy, dressing is a little more difficult (Wegener et al., 2013). A 

metal-bonded grinding wheel, especially for a fine diamond grit wheel, is more 

troublesome to be dressed by conventional methods (Klocke et al., 2013). 

Compared with conventional SiC-dressing of metal-bonded wheels, Wire 

Electrical Discharge Dressing (WEDD) could achieve a higher materials removal 

rate and also generate more proper topographies in the grinding wheels (Klocke 

et al., 2007; Wegener et al., 2013; Weingärtner et al., 2010; Weingärtner et al., 

2012). Furthermore, ELID assisted conditioning of metal-bonded wheel was 

developed. This process would not affect the diamond grit thermally (Klocke et 

al., 2013; Ohmori and Nakagawa, 1995; Ohmori and Nakagawa, 1997; Zhao and 

Guo, 2015b), and the surface finish of optical glasses achieved by a coarse grain 

wheel after dressing by ELID indicates a huge potential prospects (Grimme et al., 

2007; Guo and Zhao, 2015b; Zhao and Guo, 2015a). The laser beam was also 
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considered as an appropriate candidate method to dress and true a metal-bonded 

wheel (Guo et al., 2014; Von Witzendorff et al., 2014), especially for in-process 

dressing, but the difficulty lies in the optimization of the machining parameters 

to avoid damage to abrasive grains. 

2.5 Ultra-precision grinding of axisymmetric surface 

A functional surface could work as an interface that transmits energy and 

signals in a variety of engineering applications, such as in optics, chemistry, and 

mechanical engineering, etc. Taking the freeform surface as a typical example, 

the surface geometries had developed from basic rotational symmetric features to 

complex surfaces for optical molds, driven by the miniaturization and integration 

trend of such products (Brinksmeier and Osmer, 2010). The freeform surface is 

often simply referred to surfaces without rotational symmetry (Fang et al., 2013; 

Savio et al., 2007). Usually, ultra-precision diamond turning and milling are two 

methods for machining various types of functional surfaces on metals, such as 

rotational symmetrical on or off axis parts, lens arrays, and freeform surfaces 

(Fang et al., 2013). However, they are not suitable for machining hard and brittle 

materials due to the serious tool wear caused by mechanical and chemical 

aspects at high temperature and pressure (Gläbe and Riemer, 2010). Deemed a 

surface generation process, one of the industrial challenges encountered by 

ultra-precision grinding is the machining of functional surfaces in the optical 
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field, the molding and automotive industry, aeronautical and for aerospace 

devices, etc (Oliveira et al., 2009). Diamond micro-grinding was regarded as one 

candidate approach to fabricate a microstructure surface on engineering carbides 

(Zhang et al., 2005). Suzuki et al. and Yamamoto et al. (Suzuki et al., 2007; 

Yamamoto et al., 2007) performed ultra-precision grinding and milling of micro 

lens arrays on WC, and a form accuracy of 0.12 μm PV or less could be obtained. 

The experimental results of Suzuki achieved 0.8 μm PV form accuracy and the 

surface roughness of the machined Fresnel mold (50×50 mm) reached 14 nm 

(Suzuki et al., 2012). To machine three dimensional microstructures and 

overcome the size and shape limitations of diamond grinding wheels, a small size 

grinding tool of diameter less than 100 μm was developed, capable of achieving 

low surface roughness (Ra≤10 nm) and sharp edge grooves on tungsten carbide 

(Aurich et al., 2009), as shown in Figure 2.7.  

 

Figure 2.7 SEM morphology of micro-grinding wheel: (a) small diameter grinding 

tool with diameter 45 μm (Aurich et al., 2009); (b) thin diamond wheel (Chen and 

Lin, 2011) 
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2.6 Characterization and measurement method 

Precisely non-destructive measurement and characterization of machined 

surfaces are of great significance because it can produce an effective feedback to 

guarantee the form accuracy and achieve mirror surface quality. Spherical and 

aspherical surfaces were often measured by a contact probe with a small radius 

(Chen et al., 2013; Chen et al., 2015; Guo et al., 2014). Nevertheless, a structured 

surface having sharp edges is difficult to measure. The non-contact optical 

system was chosen as an appropriate candidate. Various experimental techniques, 

including optical or electron microscope, stylus profilometer, interferometry 

instruments, atomic force microscope (AFM), diffraction and spectra techniques, 

such as optical microscope (OM), scanning electron microscope (SEM), energy 

dispersive spectra (EDS), nano-indentation, FIB-HRTEM, X-ray diffraction 

(XRD), and Raman spectra, have been employed to characterize the surface 

generated under ultra-precision grinding (Brinksmeier, 1989; Bruzzone et al., 

2008). Savio et al (2007) also reviewed the metrology of freeform surfaces from 

the aspects of instruments, tolerance specification and verification, and the future 

challenges in software. In addition, to characterize the microstructure change of 

single crystal diamond grits induced by the elevated temperature, Electron 

Energy Loss Spectroscopy (EELS) was also utilized (Klocke et al., 2007). 

Electron Backscattering Diffraction (EBSD) is a cutting edge technique that has 

been used in ultra-precision diamond cutting field by a number of researchers 
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(Guo et al., 2011; M'Saoubi and Ryde, 2005). For instance, Courbon et al (2014) 

utilized the Electron Backscattering Diffraction (EBSD) method to characterize 

the orientation change in cutting chips, and the technique has been widely used 

to examine the mechanical loading induced surface plastic deformation of 

WC/Co (Gee et al., 2009; Mingard and Gee, 2007). Furthermore, to measure a 

microstructure surface with sharp edge radius and realize in-process 

measurement, a number of home-made instruments were developed, for instance, 

the non-contact laser probe used by Suzuki et al (2012) and Furuki et al (2012), 

the long-stroke 3D contact scanning probe by Li et al (2016) and the on-machine 

force sensor integrated fast tool servo (FS-FTS) that was developed by Chen et al 

to examine the wear of diamond tool (Chen et al., 2016).
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Chapter 3 Surface damage mechanism of 

brittle materials under indentation and 

scratching 

3.1 Introduction 

With the strong demands for high mechanical properties of device at 

elevated temperature and severe environments, hard materials are gaining 

expanding applications in aeronautics and astronautics, optical molding field and 

nuclear industry (Wang and Zhang, 2009; Xiao et al., 2015a; Guo et al., 2013; Lu 

et al., 2008; Neudeck and Matus, 1992; Sun et al., 2010). Silicon carbide (SiC) 

and Tungsten carbide (WC) are two types of widely used carbides for their high 

strength and hardness, corrosion resistance and stability (Bo et al., 2015; Liang et 

al., 2015; Meng et al., 2015).  

Silicon carbide is one of the extensively used engineering materials for its 

high hardness and strength, corrosion resistance and chemical stability at high 

temperature (Huang and Zhu, 2005; Pizzagalli, 2014; Yan et al., 2009). To 

densify and improve toughness of bulk materials, the reaction-bonded SiC with 

remnant Si is always utilized. Besides, the chemical reactions between Si and C 

could also improve the boundary strength of the composites (Huang and Zhu, 

2005). Nevertheless, the use of RB-SiC/Si is impeded by the difficulty of 

machining high-quality SiC parts with high form accuracy and good surface 
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integrity. Cobalt bonded Tungsten carbide composite is also a typical engineering 

material that has been widely used in cutting tools and glass molding industry for 

its excellent mechanical properties at high temperature (Duszová et al., 2013a; 

Krakhmalev et al., 2007; Muthuraja and Senthilvelan, 2015; Sun et al., 2010; 

Yahiaoui et al., 2015a; Yahiaoui et al., 2015b). However, the harsh environment, 

such as repeated shocks and chemical corrosion, always caused serious wear of 

the machining tools and molds. Therefore, extensive investigations on the failure 

mechanism of WC/Co and RB-SiC/Si carbides have been conducted to study the 

mechanic behavior under quasi-static and dynamic conditions. 

Ultra-precision machining of RB-SiC/Si and WC/Co composites is drawing 

more attention, and grinding is considered as one of the most appropriate and 

feasible method to machine ceramic components and to achieve the high quality 

demands of the devices, including the high form accuracy, low surface roughness 

and good surface integrity (Agarwal and Rao, 2008; Bletek et al., 2013; Suzuki 

et al., 2012). Indentation and diamond scratching are two widely utilized 

methods to evaluate the contact properties of WC/Co and RB-SiC/Si composites. 

For instances, Duszová et al (Duszová et al., 2013a; Bľanda et al., 2015) studied 

the fatigue behavior and hardness of WC/Co with different volume of Co by 

nano-indentation and showed that the higher content promoted the plastic 

deformation. Besides, they also detected the pressure induced phase 

transformation of Co. The results showed that the nano-hardness and modulus 
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not only depended on the WC crystallographic orientation, but also the indents 

position (Duszová et al., 2013a; Duszová et al., 2013b). Furthermore, Ndlovu et 

al (2007) conducted nanoscratch testing on WC/Co composites and found that 

different surface damage mechanism occurred depending on the varied Co 

content and WC grain size, including plastic deformation, intergranular cracks, 

as well as WC grain dislodgement. Sun et al (2010) presented that two different 

stages of material removal existed during the nanoscratching of WC/Co 

composites, namely, deformation and removal of cobalt binder phase, 

micro-fracture and fragmentation of individual WC grains.  

For SiC, Wang and Zhang (2009) developed a theoretical model to predict 

the material removal rate and surface roughness of RB-SiC machined by fixed 

abrasive technology combined with the indentation model. Zhang et al (2015) 

recently developed a novel high speed scratching method to investigate the 

surface damage mechanism induced by the high pressure, by which the depth of 

cut could be limited to nanoscale. Molecular dynamics and scratching method 

had been explored by Xiao et al (2015b) to investigate the material removal 

mode of single crystal SiC and three stages of material removal mode were 

proposed with the increasing undeformed chip thickness. However, no obvious 

phase transformation was found by Raman spectra. Similar results were also 

achieved by Meng et al (2015). Recently, Zhang et al (2016) also found that the 

ductile material removal mode of RB-SiC was dependent on the ploughing 
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friction coefficient between the diamond indenter and the workpiece material, 

and the role of material microstructure on the fluctuation of scratching force was 

also investigated. 

To get a fundamental knowledge of the surface damage mechanism of these 

carbides under mechanical loading, single point diamond grit scratching and 

indentation (Vickers-hardness indentation) were employed to investigate the 

machining induced surface damage mechanism in the present chapter, the results 

of which could provide us a basic knowledge of the damage mechanism for 

WC/Co and RB-SiC/Si under quasi-static pressure and help to explain the results 

in high spindle speed grinding (HSSG). Hence the material removal mechanism 

of WC/Co and RB-SiC/Si composites under high spindle speed grinding (HSSG) 

was investigated by a novel plunge grinding methodology. The mechanics of 

each material removal stage for WC/Co and RB-SiC/Si were then analyzed, and 

the difference was illustrated and explained based on a proposed geometric 

model. 

3.2 Experiments 

Commercially available WC/Co and RB-SiC/Si carbides (Goodfellow 

Cambridge Ltd., UK) are chosen as the workpiece materials. To manufacture 

WC/Co and RB-SiC/Si composites, cobalt and silicon is added into WC and 

SiC/C powder green body, respectively, which is then fired. The resulting 
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microstructure of both WC/Co and RB-SiC/Si has low porosity and fine grain, in 

which about 6 wt.% and 10 wt.% residue Co and Si worked as binders, 

respectively. The SiC particle is about 10 μm and the WC grain is about 2 μm.  

As shown in Figure 3.1, WC/Co is composed of WC and Co phases, with 

only a small amount of CoO. While for RB-SiC/Si composite, five main phases 

exist in the bulk materials, including Si, 6H-SiC, 3C-SiC, 4H-SiC and a little 

amount of SiO2. The oxide might be produced during firing stage and remained 

in the surface of original bulk materials. Table 3.1 describes the mechanical 

properties of RB-SiC/Si and WC/Co composites. The workpiece materials were 

firstly ground and finally polished on the EcoMet250 Grinder-Polishers machine 

(BUEHLER) with diamond paste of 1 μm diameter to remove the surface layer 

and reduce the impact of the original surface defects. The roughness of polished 

surface was about 5 nm and 10 nm for WC/Co and RB-SiC/Si composites, 

respectively. 

 

Figure 3.1 X-ray diffraction pattern and phase composition of the original 

materials: (a) WC/Co; (b) RB-SiC/Si 
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Table 3.1 Mechanical properties of workpiece materials 

Bulk Workpiece RB-SiC/Si WC/Co 

Elastic modulus E (GPa) 410 600 

Vikers hardness H (kg/mm-2) 2500 1550 

Fracture toughness KIC (MPa m1/2) 3.0 (Agarwal and Rao, 

2008; Agarwal and 

Venkateswara Rao, 2010) 

11.0 (Krakhmalev 

et al., 2007) 

Compressive strength (MPa) 2000 5500 

Binder content (wt.%) Si~10.0 Co~6.0 

Density ρ (g/cm3) 3.1 14.95 

Size of workpiece (mm) 16×16×5 12×12×5 

Dry scratching test was performed on a precision grinding machine 

MUGK7120X5 from Hangzhou Machine Tool Group Co., Ltd., China. The 

diamond grit was fixed to a steel disc and the diameter of the sharp point was 

230 mm. A counter-part was also fixed on the steel disc to help to balance the 

system. The experimental setup is illustrated in Figure 3.2(a), and the detail 

scratching parameters is tabulated in Table 3.2. A typical scratching groove is 

illustrated in Figure 3.2(b). Vickers-indentation test was conducted on the 

polished original materials surface by a Vickers micro-hardness tester 

(MicroWiZhard) under the loads of 0.05 kg, 0.1 kg, and 0.3 kg, with the loading 

time of 5 seconds, holding time of 10 seconds and unloading time 5 seconds. 

Three repeated times of indentation placed at different surface positions were 

performed to investigate the damage mechanics.  

Table 3.2 Detail parameters of diamond scratching  

Indenter shape               120° Vickers indenter 

Rotation diameter (mm)        230 

Coolant                     None 

Rotation RPM (rpm)           50 



Chapter 3: Surface damage mechanism of brittle materials under indentation and scratching 

32 

 

Figure 3.2 (a) Illustration of the single point diamond scratching; (b) the typical 

generated groove on monocrystalline Si 

Plunge grinding experiment was conducted on Moore Nanotech 450UPL. 

USA. The detail machining parameters are listed in Table 3.3. Illustration of the 

grinding machine is shown in Figure 3.3. The workpiece was mounted on a tilted 

fixture, with the workpiece and wheel rotating both counterclockwise. 

Resin-bonded wheel of 1500# grit size from Diagrind, Inc., USA was chosen for 

creep-plunge grinding after appropriate truing and dressing.  

Table 3.3 Detail parameters of plunge grinding  

Diamond wheel (20 mm in diameter) 1500# 

Wheel RPM (rpm) 20,000 

Workpiece RPM (rpm) 1 

Coolant CLAIRSOL 350 (MQL) 
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Figure 3.3 Schematic of plunge grinding setup 

3.3 Results and discussion 

3.3.1 Damage mechanics under indentation 

According to previous studies (Lee et al., 2012; Park and Liang, 2008), the 

force during micro-grinding is always below the level of 0.1 kgf, so the 

indentation test was conducted under 0.05 kg, 0.1 kg and 0.3 kg, to compare the 

indentation results with grinding experiments. As shown in Figure 3.4, only 

regular indentation dimples were replicated from the Vickers indenter on the 

WC/Co surface, and there were no cracks generated near the indentation position. 

Under the pressure of the indenter, the workpiece material was extruded and 

swelled out at the edge. For RB-SiC/Si at the same loading force, obvious radial 

cracks were found around the four sharp tips. The average particle size of WC 

and SiC was ~2 μm and ~10 μm, respectively. Compared with WC/Co, the 

coarser grain size of RB-SiC/Si and non-uniform distribution of the SiC particles 
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would cause greater stress concentration at the phase boundaries. Therefore, 

lateral cracks were prone to form and extend along the phase boundaries, 

resulting in chipping of the surface. Especially near the phase boundary of SiC 

and Si, broken surface could be easily found, and crack propagation along phase 

boundaries extends farther.  

 

Figure 3.4 Indentation surface at the load of 0.05 kg, 0.1 kg, and 0.3 kg in (a) 

WC/Co, and (b) RB-SiC/Si 

In addition, it can be found that fracture tends to occur if the phase 

boundary is located in front of crack. In comparison, there is no surface crack 

generated on WC/Co, with only plastic deformation extruded by the indenter. 

According to literatures (Quinn et al., 2002; Quinn and Quinn, 1997; Yin and 

Huang, 2008), materials’ brittleness could be calculated based on Eq. (3-1),  
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                            (3-1) 

where B is the brittleness, H is the hardness, E is the elastic modulus, and KIC is 

the fracture toughness. The results indicate that the brittleness and the associated 
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machinability could be ordered in this way: Phase boundary of SiC/Si > SiC > 

Si > WC/Co. For one thing, the non-uniform plastic deformation between Si and 

SiC phases under the same loads resulted in the easier fracture of phase 

boundaries. For another, the weakness of Si/SiC phase boundaries could also be 

attributed to the impurities accumulation during the fabrication process (Gross et 

al., 2015; Ness and Page, 1986). 

More specifically, Figure 3.5 shows the indentation imprints on WC/Co and 

RB-SiC/Si under 0.1 kg at three various points. Regular deformed indentation 

dimples were produced on WC/Co and no apparent crack was generated. On the 

contrary, evident cracks occurred at each indentation position on RB-SiC/Si. 

Furthermore, the different size of impression resulted from the various hardness 

of SiC and Si obviously.  

 

Figure 3.5 Vickers-hardness indentation imprints on WC/Co and RB-SiC/Si 

composites under 0.1 kg at varied points 

The topography of each indentation imprint is shown in Figure 3.6. It can be 

easily found that the shape of three indentations left on WC/Co was uniform, and 
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no obvious extrusion of workpiece material appeared at the edge. For RB-SiC/Si, 

the pop-out phenomenon occurred for each dimple. To be more specific, the 

swell and the accompanied lateral crack mainly appeared at the phase boundaries 

between SiC and Si. Presumably, the phase transformation of Si, which resulted 

in the fast change of volume, would contribute to the generation of cracks 

(Domnich et al., 2000; Kailer et al., 1997).  

 

Figure 3.6 Topography of the Vickers-hardness imprints: (a) WC/Co-1; (b) 

WC/Co-2; (c) WC/Co-3; (d) RB-SiC/Si-1; (e) RB-SiC/Si-2; (f) RB-SiC/Si-3 
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3.3.2 Damage mechanics under diamond scratching 

Figure 3.7 shows the surface morphology of the scratching grooves on 

WC/Co and RB-SiC/Si at various stages. At the beginning of scratching grooves, 

only ductile sliding groove was generated for both WC/Co and RB-SiC/Si. More 

specifically, the WC/Co workpiece surface was firstly plowed, and bulk chips 

could be found. With increasing depth of cut, the materials near the scratching 

indenter was squeezed and many fine cracks appeared.  

 

Figure 3.7 Surface morphology of the diamond scratching grooves on: (a), (b) and 

(c) for WC/Co; (d), (e) and (f) for RB-SiC/Si  
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Moreover, the workpiece material at the bottom of scratching groove 

seemed to be densified with the Co binder extruded, resulting in the decreasing 

mean free path for WC particles, which is illustrated in Figure 3.8. Actually, the 

mean free path (λ) of the cobalt binder was often used to characterize the 

phenomenon of Co extrusion in previous studies (Fang and Eason, 1995; 

Larsen-Basse, 1985). As shown in Figure 3.8, the mean free path of Co reduced 

with binder extruded under the dynamic pressure of the diamond grits. However, 

we can only conclude that cobalt binder was extruded based on a rough 

calculation of mean free path (λ) in the scratching direction from the SEM 

morphology.  

 

Figure 3.8 Illustration of the reduced mean free path for Co under the dynamic 

pressure of diamond grit 

For RB-SiC/Si, the results were quite different with increasing depth. It 

could be easily found that only ductile scratching grooves was generated at the 

initial stage of the scratching test without obvious chips left on the workpiece 

surface, but some micro-ridges, as well as some discontinuous bulges, were left. 
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With the increase of the scratching depth, obvious chips formed and left on the 

workpiece surface. More discontinuous bulges occurred. As the cutting depth 

was greater than the critical depth of cut, cracks were induced and it would 

prompt the bulk material removal, especially at the side points of the grooves, 

with the scratching groove characterized by bulk material fracture and some 

block chips on the groove. This could also result in the dislodgement of oxidation 

and amorphous phase which was caused by the high pressure and high 

temperature during the diamond scratching process.  

To get a further insight into the surface damage mechanism, EDS results of 

scratched groove at different positions was shown in Figure 3.9. It can be seen 

that oxidation occurred for WC/Co even at the beginning of the dry scratching. 

Besides, oxidation occurred firstly at the interface between the diamond indenter 

and the generated chips. This corresponds with the previous simulated results of 

temperature distribution by molecular dynamics (Goel et al., 2013).  

While for RB-SiC/Si, oxidation appeared only at a certain depth of cut. On 

the one hand, it could be attributed to the better chemical resistance of RB-SiC/Si 

with O2. The easier fracture of the generated chips at the ductile stage also 

reduced the temperature caused by the friction between the chips and the 

diamond indenter. On the other hand, the bulk material dislodgement at the 

bottom of the groove could result in the loss of oxygen information.  
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Figure 3.9 Element composition for the varied points of scratching grooves shown 

in Figure 3.7 

Figure 3.10 illustrates the points characterized by Raman spectroscopy in 

the scratched grooves. Figure 3.11 shows the Raman spectra for different points 
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of the scratching groove marked in Figure 3.10. For WC/Co (Figure 3.11(a)), the 

Raman spectra at the starting point (Point A) kept even the same with the 

polished original surface (Point C) near the scratching grooves, but as the 

scratching depth increased, Raman spectra (Point B) turned to be similar with the 

diamond indenter at the higher wavenumber, which is shown in Figure 3.11(c). 

This could be attributed to the adhesion wear of diamond indenter. For 

RB-SiC/Si (Figure 3.11(b)), it was found that the typical peak intensity of both Si 

(Point D) and SiC (Point E) phase after scratching increased, compared with the 

polished surface (Points G and F). As has been reported previously, high 

mechanical loading/unloading state could result in the amorphization of Si and 

SiC (Meng et al., 2016; Yan, 2004; Zarudi et al., 2004), so amorphization would 

be induced during initial surface polishing and also diamond scratching. But the 

brittle material removal mode could lead to the dislodgement of this 

metamorphic layer and the original crystalline material is uncovered. Therefore, 

the Raman intensity increased instead of reduction. 

 

Figure 3.10 Illustration of the measured points of the scratching groove by Raman 

spectroscopy: (a) for WC/Co; (b) for RB-SiC/Si 
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Figure 3.11 Raman spectra at the varied points on the scratching groove and the 

diamond indenter: (a) for WC/Co; (b) for RB-SiC/Si; (c) for diamond indenter 

after scratching 

3.3.3 Material removal mechanism under plunge grinding 

As shown in Figure 3.12, the machined surface of both WC/Co and 

RB-SiC/Si carbides were characterized by plastic deformation at the very 

beginning of the grinding process (indicated by the pink arrows). However, 

things differed with increasing depth of cut. For WC/Co, WC particles were 

extruded to be denser under the impact pressure of diamond grits (indicated by 

yellow ellipses), while the extruded Co binder between the neighboring hard 

phases was removed with less binder remained. Afterwards, some of the WC 
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grains were crushed as the depth of cut for some diamond grits involved in 

cutting was greater than the critical depth (indicated by red rectangles).  

 

Figure 3.12 Surface morphology of the creep feed plunge grinding trace: (a) and (b) 

for WC/Co; (c) and (d) for RB-SiC/Si 

For RB-SiC/Si, the ductile removal appeared on the surface of both SiC and 

Si phases at the beginning, but discontinuous micro-pits at the SiC and Si phase 

boundaries along the grinding direction was induced under the pressure of 

diamond grits. Then, non-regular surface fragmentation occurred (indicated by 

yellow curves). With increasing cutting depth, the surface quality was aggravated 

by the breaking and tearing of workpiece materials. In addition, although more 

diamond grits were involved in cutting the material with the increase of depth of 

cut, the material removal mode for a single grit differed from each other 
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considering the surface profile of wheel and random protruding height of grits. 

As illustrated in Figure 3.13, three obvious stages of material removal can 

be found. At the beginning, a limited number of diamond grits participated in the 

material removal at a smaller depth of cut. As the cutting depth reached about 

600 nm for WC/Co, the dislodgement of WC grains appeared before it was 

crushed at about 1.5 μm. As the depth of cut for a protruded grit become greater 

than the critical depth which was measured to be lower than 65 nm for 

RB-SiC/Si, the material removal transferred to the ductile to brittle stage, and 

obvious pits can be found in the grinding trace due to the brittle fracture of 

workpiece material. Afterwards, the material removal mode is transferred into 

total fragmentation stage with the further increase of grinding depth. 

 

Figure 3.13 Surface topography and profile of the plunge micro-grinding trace 

measured by WYKO: (a) and (b) for WC/Co; (c) and (d) for RB-SiC/Si 
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The cross sectional surface profiles of the plunge grinding trace at varied 

position is shown in Figure 3.14. As can be seen from Figure 3.14(a), the 

cross-sectional profile at the very beginning of grinding indicated obvious 

extrusion between different diamond grits. With the increase of grinding depth, 

the cross sectional profile remained similar. The cross-sectional profile for 

RB-SiC/Si bear much variation, as shown in Figure 3.14(b). At the initial 

position, only several diamond grits participated in the material removal, and 

both Si and SiC experienced ductile removal stage. However, the phase 

boundaries between SiC and Si were fragile, and fracture occurred there, leaving 

some non-continuous pits. Considering the stochastic distribution of diamond 

grits and phase boundaries of SiC and Si, non-regular surface fracture occurred at 

a larger cutting depth and the surface morphology also changed randomly. 

 

Figure 3.14 Cross section profile of the plunge micro-grinding trace at varied 

position indicated in Figure 3.13: (a) WC/Co; (b) RB-SiC/Si 

3.3.4 Discussion 

In ultra-precision grinding process, the critical depth of cut dc for hard and 
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brittle materials was given as follows (Bifano et al., 1991; Cho et al., 2013; Guo 

et al., 2013; Guo and Zhao, 2015a): 
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Compared with the grinding depth ae, a simplified surface generation 

condition was achieved: 

Plastic deformed surface: ce da                         (3-2) 

Fractured surface: ce da                               (3-3) 

Based on the mechanical properties given in Table 3.1, the calculated 

critical depth of cut for WC/Co and RB-SiC/Si composites was 1.643 μm and 

37.6 nm，respectively. This is consistent with the experimental results, as shown 

in Figure 3.13. 

Nevertheless, it should be noted that the criterion between the surface 

generation and material removal mode should be distinguished. The generation 

and geometry of the undeformed cutting chips is illustrated in Figure 3.15. The 

maximum undeformed chip hmax related to the material properties could also be 

achieved based on the following developed relation (Agarwal and Venkateswara 

Rao, 2010): 
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where E1 is the elasticity modulus of the wheel (GPa), E2 is the elasticity 

modulus of the workpiece material (GPa), C is the grit number per unit area in 
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wheel, r is the chip width-to-thickness ratio, vw is workpiece speed, vs is the 

wheel speed, ae is the grinding depth, ds is the equivalent wheel diameter. Based 

on the above analysis, the material removal mechanism in present work was 

expressed as follows:  

 Ductile material removal mode: cdh max                 (3-5) 

Brittle material removal mode: cdh max                   (3-6) 

 

Figure 3.15 Illustration of the generation and geometry of the maximum 

undeformed chip 

As shown in Figure 3.15, the maximum undeformed chip thickness 

occurred at a certain height (h) from the machined surface. What should be noted 

was that, even though the requirement of Eq. (3-6) might be met, the crack length 

could not reach the machined surface (c<h), so it was not enough to affect the 

surface profile generated. 

In the present work, plastic deformation occurred firstly under the pressure 

of diamond grits for both WC/Co and RB-SiC/Si, with the diamond grits sliding 

and scratching on the material surface. This corresponds to the stage of ductile 
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material removal. In ultra-precision machining of monocrystalline and single 

phase materials, three stages of material removal are often discussed: ductile, 

ductile to brittle and brittle material removal (Xiao et al., 2015b; Meng et al., 

2015; Guo et al., 2013; Yin et al., 2004). Nevertheless, there existed another 

stage for WC/Co and RB-SiC/Si composites under the dynamic pressure of 

diamond grit, namely grain dislodgement, if the binder effect was taken into 

account in machining composites. Combining the results of indentation test and 

the plunge micro-grinding, it is quite reasonable to say that the material 

dislodgement mechanism for WC/Co and RB-SiC/Si composites is different. 

Specifically, hard particle dislodged from the surrounding binders under the 

dynamic pressure of diamond grit for WC/Co. While for RB-SiC/Si, the 

formation and propagation of lateral crack were firstly induced, then shedding of 

these fractured parts from the machined surface occurred. Figure 3.16 illustrates 

the two different grain dislodgement mechanism. 

 

Figure 3.16 Grain dislodgement mechanism for (a) WC/Co; (b) RB-SiC/Si 

During grinding of brittle materials, the radial crack was responsible for 
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surface roughness while the lateral crack contributed to the material removal. 

According to literatures (Chang and Wang, 2008; Malkin and Guo, 2008a; 

Marinescu et al., 2000), the cutting force fg, the tangent cutting force fgt, the 

normal cutting force fgn of a single grit and the grinding specific energy kt was 

expressed as follows: 

    ctgt Akf                                  (3-7) 

gtgn ff 

1                                      (3-8) 
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where Ac(ω) is the cross-section area of chip, ω is the angle of the grit from the 

engaging position, b(ω) is the width of chip related to ω, and μ is a constant. 

From Eq. (3-7) to (3-8), it can be seen that both of the tangential and normal 

grinding force increase with increasing depth of cut. Based on the following two 

expressions: 
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where σt is the tangent stress exerted by diamond grit, σn is the normal stress 

exerted by diamond grit, σf is the critical fracture stress of workpiece material, γg 

is the specific surface energy of the hard grain, υ is the Poisson’s ratio and μ is a 

constant. It could be found that, as the grinding force reached the fracture 

strength of the workpiece material, lateral and radial crack would be induced for 



Chapter 3: Surface damage mechanism of brittle materials under indentation and scratching 

50 

RB-SiC/Si. Discontinuous cracks occurred along the same trace of a diamond 

grit, which was attributed to the stochastic and random distribution of diamond 

grits in grinding wheel, as well as the extension of obvious phase boundaries. 

The existing phase boundaries between SiC and Si would weaken the surface 

strength for RB-SiC/Si composites, and it would promote the edge chipping 

under the dynamic pressure of grits. Besides, the pop-out effect caused by the 

phase transformation under grinding force should also be considered. Both of the 

above two aspects prompt the chipping of surface material.  

For WC/Co, Co binder is much softer compared with hard particle, and then 

it is removed more easily and quickly. The non-uniform removal would result in 

the reduction of binding force between the hard phase and the nearby binder. The 

dislodgement condition of hard grains from binder in composites could be 

determined based on the following equation (Gao et al., 2010; Xie et al., 2003): 
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where γi is the specific fracture energy at the grain boundary, γg is the specific 

surface energy of the grain, τ is assumed to be the constant average shear stress 

exerted by one grain against the matrix or another grain, 2a is the diameter of a 

grain, L is the length and ϕ is a constant depending on the angle of incidence of 

the hard particle to the surface.  
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3.4 Summary 

In this chapter, Vickers-hardness indentation, single point diamond 

scratching and a novel plunge grinding test of WC/Co and RB-SiC/Si were 

performed to investigate the surface generation and damage mechanism under 

dynamic and quasi-static mechanical loading. Varied characterization and 

measuring methods were utilized to analyze the machined surface, including OM, 

SEM, EDS, WLI and Raman spectroscopy. Based on the experimental results 

and discussion described above, the following concluding remarks could be 

make: 

(1) The indentation test indicate that the material brittleness B could be 

ordered as: Bphase boundary of SiC/Si>BSiC>BSi >BWC/Co, the higher value of which 

indicated the easier surface fracture under mechanical loading. Moreover, plastic 

extrusion of WC and evident edge chipping for RB-SiC/Si appeared under 

quasi-static Vickers indentation; 

(2) The diamond dry scratching test further confirmed the easier fracture of 

phase boundaries between Si and SiC. Three different material removal stages 

existed for WC/Co and RB-SiC/Si, that is, scratching, chips formation and 

serious plowing for WC/Co, while scratching, discontinuous fracture and bulk 

material pulverization for RB-SiC/Si. The pulverization of the RB-SiC/Si 

resulted in the uncovering of crystalline material below the metamorphic surface, 

so the Raman spectra for RB-SiC/Si after scratching showed higher peak 

intensity than the polished Si and SiC phase. Moreover, oxidation occurred for 
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both WC/Co and RB-SiC/Si under dry diamond scratching, which began at a 

certain depth of cut as the indenter moving across the surface.  

(3) Plunge grinding of WC/Co and RB-SiC/Si carbides showed that an 

increasing depth of cut would deteriorate the surface integrity seriously, and the 

surface generation mechanism differed for WC/Co and RB-SiC/Si composites 

obviously. Specifically, WC/Co composite exhibited three stages of material 

removal: ductile removal, grain dislodgement and WC particles crush, while 

ductile removal, phase boundaries fracture (along the grinding direction) and 

surface fragmentation occurred for RB-SiC/Si. The mechanics for the grain 

dislodgement of WC/Co and RB-SiC/Si are found to be different, and a 

geometrical model is built to illustrate it.  
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Chapter 4 Machining induced surface 

damage mechanism and surface 

generation under parallel grinding 

4.1 Introduction 

Extensive research work has been conducted on the grinding of difficult to 

machine materials, including silicon carbide (SiC) (Agarwal and Venkateswara 

Rao, 2010; Wang and Zhang, 2009) and tungsten carbide (WC) (Bletek et al., 

2013; Furuki et al., 2012), as well as glasses (Blaineau et al., 2013; Cheng et al., 

2014; Esmaeilzare et al., 2014; Tonnellier et al., 2007; Yao et al., 2012; Zhao et 

al., 2007), to achieve optical mirror surface with submicron form accuracy. 

However, a great challenge still exists in machining these materials to meet the 

requirements of optical surface quality.  

As I have mentioned, ultra-precision grinding is regarded as one of the most 

appropriate methods to machine these types of hard and brittle materials and has 

been widely investigated to optimize the processing parameters to achieve 

superior surface finish. For the grinding of ceramics and glasses, a number of 

studies have focused on the material removal mode (Bifano et al., 1991; 

Brinksmeier et al. 2010; Chen et al., 2005; Liang et al., 2013) and surface 

integrity (Zhang and Howes, 1995; Zhao et al., 2007; Zhao and Guo, 2015a). 

More specifically, it was found that the typical surface characteristics are plastic 
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scratching grooves for WC/Co and brittle fracture for RB-SiC/Si carbides under 

grinding (Agarwal and Rao, 2008; Agarwal and Venkateswara Rao, 2010; Bletek 

et al., 2013; Hegeman et al., 2001; Ren et al., 2009; Suzuki et al., 2012; Yang et 

al., 2014; Zhang and Howes, 1995), respectively, attributed to their different 

mechanical properties. Moreover, it was believed that the material removal rate, 

a combining consequence of different factors, played a determinant role on the 

surface quality that could be achieved (Wang and Zhang, 2009; Zhang et al., 

2015). Different mathematical models were built to investigate the influence of 

the material removal rate (Zhang and Howes, 1995; Venu Gopal and 

Venkateswara Rao, 2003; Suresh et al., 2002). 

Nevertheless, previous works seemed to pay less attention to the 

non-uniform surface finish of a certain workpiece, which is closely related to the 

surface damage mechanism. Actually, it could result from the varied material 

removal rate at different positions of a certain workpiece, which would yield 

greater impact on performance. Furthermore, in the high spindle speed 

machining process, the relative vibration between the tool and workpiece 

inevitably affected the surface quality (Zhang et al., 2015a; Zhang et al., 2015b). 

For instance, Cheung and Lee (2000) found that the vibration amplitude between 

the tool and the workpiece limited the surface quality achieved, while Zhang and 

To (2013a, 2013b) showed that spindle vibration could affect the surface profile 

and cutting force in ultra-precision raster milling and diamond turning. For 
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grinding, the impact of wheel chatter and vibration on the surface roughness and 

form accuracy were both identified (Inasaki et al., 2001; Toenshoff and Kuhfuss, 

1984; Oliveira et al., 2008; Snoeys and Brown, 2013; Malkin and Guo, 2008a; 

Chen et al., 2015). However, there is still a lack of direct research on the surface 

characteristics generated under relative wheel-workpiece vibration. 

Based on the above discussion, high spindle speed grinding (HSSG) of 

WC/Co and RB-SiC/Si composites was conducted to investigate the different 

influencing factors on the surface damage mechanism, including amorphization, 

oxidation and the formation of micro-pits, as well as the nanometric surface 

characteristics. Firstly, the damage mechanisms of WC/Co and RB-SiC/Si were 

examined, and the non-uniform surface finish at different radial positions on the 

machined surface was then investigated. Finally, the impact of relative 

wheel-workpiece vibration on the surface topography was characterized and 

analyzed. 

4.2 Experiments 

4.2.1 Parallel grinding 

Commercially available WC/Co and RB-SiC/Si composites (~90wt.%SiC, 

~10wt.%Si) were used in this study, supplied by Goodfellow Cambridge Ltd., 

UK. The grinding wheels used was made and provided by Diagrind, Inc., USA. 

After appropriate truing and dressing, the surface grinding experiments was 
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conducted on the ultra-precision machine 450UPL (Moore Nanotech, USA). The 

grinding setup and the parallel grinding methodology are illustrated in Figure 4.1. 

The mechanical properties of the workpiece materials are listed in Table 3.1. 

 

Figure 4.1 Illustration of the grinding setup and parallel grinding mode 

4.2.2 Characterization and measurement 

The phase composition of original materials and the grinding surface was 

analyzed by X-ray diffraction (XRD, Rigaku SmartLab, Japan) with CuKα 

radiation (45 kV, 200 mA). The scanning angle of X-ray was chosen to be 20 to 

100 deg., and the XRD spectrum was analyzed by Jade 6.5 software, compared 

with standard PDF2-2004 card. The reference numbers of the powder diffraction 

files for 6H-SiC, 4H-SiC, 3C-SiC and Si are PDF#75-1541, PDF#73-1664, 

PDF#75-0254 and PDF#27-1402, while the PDF No. for WC and Co used is 

PDF#73-471 and PDF#89-4308, respectively. The machined surface morphology 

was also characterized by optical microscope (OM, Olympus BX60, Japan), 

scanning electron microscope (SEM, Hitachi TM3000, Japan) and the elements 

composition of the fracture surface was characterized by energy dispersive 
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spectroscopy (EDS, JEOL Model JSM-6490, Japan), and Raman spectroscopy 

(Horiba JYHR800, Japan) was also utilized to study the surface damage 

mechanism. In addition, the machined surface was also examined by white light 

interferometer (WLI, Zygo Nexview, USA) and an atomic force microscope 

(AFM, Park’s XE-70, Korea). The surface roughness was measured along 

different directions from workpiece center for four times to obtain an average 

value. The surface roughness value was recorded with different distance from the 

workpiece center every 0.5 mm. To confirm the accuracy, the final results were 

recorded as an average value of four times.  

4.3 Grinding induced damage for RB-SiC/Si 

During grinding of Silicon carbide, the machining process induced surface 

and subsurface damage is detrimental to the parts’ future application. 

Experimental results always show that high temperature and pressure in the 

machining process would deteriorate the workpiece surface quality, including 

surface roughness (Agarwal and Venkateswara Rao, 2010; Wang and Zhang, 

2009), subsurface crack, residual stress (Agarwal and Rao, 2008; Ni and Li, 2012) 

and high pressure phase transformation (HPPT) (Domnich et al., 2000; Meng et 

al., 2016; Wang et al., 2007). Previous work has been focused on the 

optimization of machining parameters and tend to analyze the effects on the 

surface roughness and subsurface crack. A few of investigations (Dompoint et al., 
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2011; Gao et al., 2010; Lu et al., 2008; Meng et al., 2016; Ni and Li, 2012; Wang 

et al., 2007) have been conducted on grinding induced phase transformation of 

SiC, and the grinding induced surface oxidation has been rarely discussed. 

Actually, the high temperature and pressure during grinding could produce 

detrimental impacts on the surface integrity for SiC (Dompoint et al., 2011; 

Huang and Zhu, 2005; Lu et al., 2008). Furthermore, a transition layer of C/Si 

ratio more than 1 and C segregation may occur there during machining (Shen et 

al., 2010), which aggravates the surface strength seriously. More recently, Meng 

et al (Meng et al., 2016) claimed that they have firstly detected the amorphization 

of 6H-SiC under nano-scratching by TEM, and they attributed the ductile 

material removal to the combining effects of dislocation activities and phase 

transformation. To study the grinding induced surface damage of RB-SiC/Si, a 

series experiments are performed in this part, and the machining parameters is 

listed in Table 4.1.  

Table 4.1 Detail grinding and truing parameters for rough machining 

Grinding 325# diamond wheel diam. 20 mm, resin bonded 

 Concentration 100% 

 Wheel RPM ns (rpm) 20,000 

 Workpiece RPM nw (rpm) 120 

 Feed rate f (mm/min) 5, 3, 1, 0.5, 0.1 

 Depth of grinding ae (μm/pass) 2 

Dressing Truer/Dresser Diamond nib/Al2O3 stick 

 Feed rate (mm/min) 0.5 

 Depth of truing (μm/pass) 25 

 Truer RPM (rpm) 500 

 Wheel RPM (rpm) 3000 

Coolant CLAIRSOL 350 MQL 
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4.3.1 X-ray diffraction results 

Amorphization under mechanical loading and also the crystallization of 

amorphous Si at selected annealing temperature has been identified by 

transmission electron microscope (TEM) and Raman spectra (Dutta et al., 1996; 

Kailer et al., 1997; Yan et al., 2006; Zarudi et al., 2005). Comparatively, X ray 

diffraction (XRD) technique provides us a nondestructive approach to detect the 

material microstructure and phase transformation. Especially with the 

development of GIXRD, the outmost layer could be characterized with the 

controlled incident angle that could be quantified to a specific penetration depth 

(Batterman et al., 1986; Dosch, 1987; Murray, 2014). The machining induced 

surface damage is always confined to the outmost layer of the workpiece, so it 

could be seen as thin film. GIXRD is considered to be an appropriate way to 

characterize the structure. Figure 4.2 depicts the schematic of GIXRD geometry 

performed in out-of-plane mode. A critical incident angle αc is believed to be of 

great significance, and it could be determined by Eq. (4-1) (Dosch, 1987): 
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where αc is the critical incidence angle, αi is the incidence angle, re is the 

classical electron radius, NA is the Avogadro constant, A is the mean atomic 

weight, ρ is the mass density, λ is the wavelength of X ray, and Z is the atomic 

number of workpiece. If αi < αc, total external reflection of X ray would occur 
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and the penetration depth is limited to the outmost surface layer; if αi ≥ αc, the 

depth of penetration would rise rapidly. The calculated penetration depth (L) for 

CuKα (λ=0.154 nm) with the incident angle αi < αc in Si and SiC is shown in 

Figure 4.2(b), based on Eq. (2) (Dosch, 1987): 

ic

L



22 sin2 

                          (4-2) 

 

Figure 4.2 (a) Schematic of the GIXRD geometry for out of plane mode, where the 

damage layer is assumed to be a thin film isolated from bulk material; (b) 

penetration depth of CuKα (λ=0.154 nm) in SiC and Si 

The geometry of the grazing incidence X ray diffraction and the penetration 

depth below critical incident angle was shown in Figure 4.2. The incidence angle 

of X-ray was chosen to be 0.2 deg. which is just smaller than αc for both Si 

(~0.22°) and SiC (~0.25°) to augment the surface material structure information. 

Besides, Bragg-Brentano X-ray diffraction (BBXRD) was also conducted for the 

machined surface. 

As we can see from the GIXRD patterns in Figure 4.3, the machined 

surfaces experience an obvious recession of diffraction intensity for both SiC and 
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Si phases with decreasing feed rate. On the one hand, the surface deformed and 

densified layer could induce the decreasing intensity. On the other hand, the 

reducing degree of crystallinity which was attributed to the high pressure exerted 

by the high speed diamond grits that could induce high pressure phase 

transformation (HPPT) also contributed to the decreasing crystal information 

(Meng et al., 2016; Yan et al., 2005; Zarudi et al., 2004; Zarudi et al., 2005; Zhu 

et al., 1998). Although the penetration depth of X-ray is always confined to 

several micrometers from the surface (Chen et al., 2011; Peng et al., 2006), it is 

enough to go through the amorphous layer which might be only several hundreds 

of nanometers (Yan et al., 2005), so the crystal information could come from the 

sub-layer crystal phases. At a low feed rate, the higher overlap ratio of grinding 

passes meant that the pressure affected time on the surface was longer, so it was 

stronger to prompt the surface amorphization process, which resulted in a thicker 

amorphous layer. Furthermore, fracture occurred on the workpiece surface at 

higher feed rate, then some of the metamorphic material might fall off with the 

debris, leading to the reduction of amorphous layer. These two aspects could both 

result in the more metamorphic phases remained on the surface at a lower feed 

rate. Amorphization would contribute to the ductile removal mode of hard and 

brittle materials as machining was actually conducted on preceding generated 

amorphous material (Yan et al., 2005; Yan et al., 2009), so it would contribute to 

improve the surface finish.  



Chapter 4: Machining induced damage mechanism and surface generation under parallel 
grinding 

62 

 

Figure 4.3 GIXRD patterns for RB-SiC/Si composites machined at different feed 

rate 

Figure 4.4 shows the BBXRD spectra of the machined surface and the 

original material. Referring to the standard XRD spectra shown in Figure 4.4(a), 

except for Si, there are 6H-SiC, 4H-SiC and 3C-SiC polytypes’ peaks in the 

original material. Compared with the original material, the crystallinity dropped 

where amorphization occurred for both SiC and Si, as shown in Figure 4.4(c). 

Moreover, it could be found that the amorphization seemed to become more 

serious with the reduction of feed rate. According to Eq. (4-3) to (4-4) 

(Marinescu et al., 2007), the grinding force exerted by the diamond grits during 

grinding was proportional to the feed rate. Therefore, the amorphization should 

be more severe at the higher feed rate (3 mm/min) induced by the higher pressure 

(Gilman, 1992; Goel et al., 2012). Nevertheless, the serious surface 

fragmentation resulted in the removal of metamorphic material, leading to the 
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stronger influence of the original material. 
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Figure 4.4 (a) Standard XRD patterns of Si and SiC; (b) Bragg-Brentano X-ray 

diffraction spectra; (c) the calculated crystallinity for Si and SiC 

Moreover, it is quite interesting that the peak intensity of Si at around 

2θ=28.46 deg. became stronger after grinding at 0.1 mm/min than the original 

material. To illustrate this phenomenon, the texture coefficient (Tc) of Si phase 

was calculated based on Eq. (4-5) (Jones et al., 2000; Mukherjee et al., 2004), 
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where Ihkl is the measured peak intensity of (hkl) plane, 0
hklI  is the peak 

intensity of the same plane as indicated in a standard sample (PDF#27-1402), n 

is the total number of reflections observed (n=3). The maximum value of Tc is 

supposed to be 3 for a perfectly oriented surface, while Tc =1 means its randomly 

oriented nature.  

The calculated texture coefficients for the crystal planes are shown in Figure 

4.5. Compared with the original material, texture coefficient of Si(220) for 

workpiece machined at 3 mm/min became more notable, while Si(111) 

dominated for RB-SiC/Si machined at 0.1 mm/min (Tc＞2). The inconspicuous 

change in texture coefficient for Si(311) led us to focus only on the variation of 

Si(220) and Si(111). Si(111) is of isotropic elasticity, while Si(220) is anisotropic 

(Brantley, 1973). During high spindle speed grinding (HSSG), the sliding and 

scratching effects between the diamond grits and workpiece surface were more 

evident, and it would prompt the temperature rise in the contact zone. The 

maximum and effective temperature during grinding might lead to the melting of 

Si (Puttick, 1996; Tanikella et al., 1996). Then, the temperature could be higher 

than 200℃ (Kailer et al., 1997), and it promotes the recrystallization of 

amorphized Si. The finer feed rate used, the more evident the tempering effect is. 

Under the assumption that the growth of crystal texture minimize the total energy 

of the system, the presence of the increasing (220) orientation indicates the strain 

energy dominated growth, which corresponds with the higher grinding force at 
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the feed rate of 3 mm/min. On the contrary, Si(111) is of the lowest surface 

energy (1.14 J/m2 for Si(111) and 1.9 J/m2 for Si(110)) (Messmer and Bilello, 

1981), and the preferred (111) orientation is expected to develop when the 

surface energy is the dominant contribution to the total energy (Jones et al., 

2000). This could result from the more obvious annealing effect at the feed rate 

of 0.1 mm/min. 

 

Figure 4.5 Texture coefficient of Si for crystalline planes (111), (220) and (311) 

From the view of atomic structure, as shown in Figure 4.6, the atom density 

and bonds density of Si(100), (110), and (111) planes could be calculated, which 

is tabulated in Table 4.2, where a is assumed to be the lattice parameter of Si. It 

could be easily found that both the linear density along [110] direction and plane 

density of (110) is the largest one among the three special crystal planes of (100), 

(110) and (111). Therefore, it belongs to the close-packed plane of atoms, which 

is generally thought to be the preferred growth orientation. However, the special 

distribution of atoms on (111) plane make it quite distinctive. Specifically, the 
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diagonal atom located at the quarter catercorner line results in two different 

interplanar atomic bonds density, ( 29.6 a and 23.2 a ), respectively. The highest 

bond density indicates its highest stability and lowest formation energy, which 

means (111) plane is the much more preferred growth plane without outside 

interference, in spite of its relative lower plane atom density compared with 

(110). This yields good consistence with the experimental results and the 

thermodynamic analysis (Jones et al., 2000; Messmer and Bilello, 1981). 

Table 4.2 Atom density and bonds density of typical crystal plane for silicon (a is 

the lattice constant) 

Crystal plane Linear atom density Plane atom density Atomic bonds density

(110) 
a

4.1
/[110] 

a

8.2
 

a

8.2
 

(111) 
a

17.1
/[111] 

2

3.2

a
 

2

9.6

a
or

2

3.2

a
 

(100) 
a

1
/[100] 

2

2

a
 

2

4

a
 

 

Figure 4.6 (a) Cubic diamond structure of Si; (b) atomic arrangement in different 

crystalline plane for Si watched in parallel to the plane 
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4.3.2 SEM surface morphology and EDS results 

From the surface morphology of the polished original materials, as shown in 

Figure 4.7(a), the RB-SiC/Si composite consists of SiC (black area) and Si 

(white area), and no obvious pores exist in the bulk materials. Figure 4.7(b-f) 

show that the dominant surface morphology characteristics transferred from 

micro-breaking occurred on SiC and phase boundaries to micro-pits formation 

mainly distributed at the phase boundaries of Si and SiC with decreasing feed 

rate. It corresponded well with the amorphization degree of SiC and Si, which 

promoted ductile material removal. 

 

Figure 4.7 BSE images of RB-SiC/Si at different feed rate: (a) original materials; 

(b) 5 mm/min; (c) 3 mm/min; (d) 1 mm/min; (e) 0.5 mm/min; (f) 0.1 mm/min 
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The appearance of micro-pits could be only explained by the materials 

microstructure and interaction with abrasive grits. EDS result of fractured 

position indicates that the atom ratio of carbon reaches 56.78%, while Si is 

42.13% (C/Si ratio>1:1) at the fractured point of SiC/Si phase boundary, as 

shown in Figure 4.8. Besides, the appearance of C atoms detected on Si phase 

surface could also be attributed to the chemical reaction between Si and diamond 

grits (Goel et al., 2013).  

 

Figure 4.8 The SEM morphology and EDS result for the machined surface of 

SiC/Si at 0.1 mm/min: (a) Surface morphology; (b) EDS for point A; (c) EDS for 

point B; (d) EDS for point C 

Raman spectra result further confirms the existence of C cluster at the phase 

boundaries and on SiC surface, as shown in Figure 4.9. It was found that no D 

and G band appearance on Si surface reveals that no diamond transferred 

carbonic species remained after careful clean. The main bands located between 
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1500 cm-1 and 1750 cm-1 correspond to amorphous carbon and graphite-like 

structures while 1377 peak is the D peak at SiC point (Bo et al., 2015). At the 

fractured point, obvious graphite D and G band occurred, which indicates that 

surface fracture is closely related to C segregation. It is believed that one source 

of C is the residue sintered C composition. On the other hand, previous 

investigations have confirmed that carbon segregation would occur near the 

SiC/Si interface, and C segregation at the boundary prompts the formation of C 

cluster (Poggi et al., 2004; Radtke et al., 2004; Virojanadara and Johansson, 

2001).  

According to the previous experimental and theoretical studies, the 

instantaneous temperature of the grinding zone, which is called ‘spike’ or ‘flash’ 

temperature, could be close to the melting point of the workpiece material with 

minimum quantity lubrication, especially at a very small depth of cut (Malkin 

and Guo, 2007; Malkin and Guo, 2008b). Under this special assumption for 

grinding RB-SiC, the temperature during grinding could meet the requirements 

of oxidation for both SiC and C cluster. As CO or CO2 is released caused by the 

oxidation of SiC and C (Di Ventra et al., 2001; Radtke et al., 2004; Shi et al., 

2001), a few nanometers porous interface layer is likely to form due to the 

diffusion of CO or CO2 gas (Szilágyi et al., 2008). C segregation and the release 

of CO or CO2 both lead to the deterioration of the SiC/Si interface strength. 
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Figure 4.9 Raman spectra of the machined RB-SiC/Si surface at different position 

Under the grinding pressure of diamond grits, the break of the phase 

boundary appears more easily along the metamorphic interface, as illustrated 

in Figure 4.10. Interestingly, the surface morphology and random 

distribution of micro-pits was also consistent well with the stochastic 

characteristics of diamond grits, which is a non-continuous machining 

process compared with single point diamond turning (SPDT). 

 

Figure 4.10 (a) Physical interaction process between diamond grit and the 

workpiece material, and (b) illustration of the generation of the micro-pits 
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As shown in Figure 4.11, the surface roughness of the machined workpiece 

increases with increasing radial distance from the workpiece center. The average 

surface roughness Ra also dropped stably with the decrease of feed rate, with the 

obtained value to be 11.5 nm at 0.1 mm/min, as shown in Figure 4.11(b). But it 

did not improve obviously as the feed rate reached less than 0.5 mm/min caused 

by the generation and distribution of micro-pits. It has been reported by Agarwal 

and Rao (2008) and Zarudi and Zhang (1999) that the distribution of pores in the 

original bulk material has a great influence on the surface roughness that could 

be achieved by ultra-precision machining. This experimental results identify that 

the generation of micro-pits during the machining process is also a crucial factor 

that determines the surface roughness at nanoscale, which is shown in Figure 

4.11. 

 

Figure 4.11 The surface roughness of the RB-SiC/Si workpieces machined at 

different feed rates: (a) at different distance from center; (b) average surface 

roughness 
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4.4 Surface damage for WC/Co 

Figure 4.12 shows the element composition at different points of the WC/Co 

workpiece after grinding. It can be easily seen that no obvious oxidation occurred 

on the machined surface for both WC particle and the binders.  

 

Figure 4.12 SEM morphology and EDS results of the machined WC/Co surface 

Nevertheless, the XRD pattern of the machined surface, as illustrated in 

Figure 4.13, shows some changes in the peak intensity. This is attributed to the 

formation of a deformed layer on the grinding surface (Hegeman et al., 2001; 

Yang et al., 2014). Under the dynamic pressure of the diamond grits during high 

spindle speed grinding (HSSG), Co is extruded and the mean free path between 

neighboring WC grains decreased. The densified surface layer, as shown in 

Figure 4.13(d) (examined by FIB, JEOL Model JIB-4501), results in the reducing 

penetration depth of X-ray in the bulk WC/Co material.  
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Figure 4.13 (a) Standard XRD pattern for WC and Co phases; (b) XRD pattern of 

the original material and machined surface; (c) the calculated crystallinity of the 

original and machined WC/Co; (d) FIB section of the machined surface; (e) the 

calculated texture coefficient; (f) typical crystal plane and orientation of WC 

carbide 

Moreover, amorphization of WC could be induced under the shear stress of 

dynamic diamond grits during grinding, which has been reported by Stoyanov et 
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al (Stoyanov et al., 2013). This is in consistence with the present experimental 

results, where the crystallinity for WC(001), WC(100) and WC(101) all 

decreased, as shown in Figure 4.13(c), and this is attributed to the formation of 

amorphous WC in the outmost surface.  

As has been reported by Hegeman et al. (2001) and Yang et al. (2014), 

serious surface deformation of WC/Co could be induced during grinding. Based 

on the crystal structure of WC, as shown in Figure 4.13(f), it can be easily seen 

that the closed packed crystal plane is WC{0001}, and the closed packed 

orientation is <-12-10>. To low the system energy, preferred 

WC{0001}/<-12-10> growth is expected at high temperature. However, previous 

studies have also shown that reorientation of grains could be induced in the 

serious deformed layer (Kumar et al., 2006; Pellan et al., 2015; Yuan et al., 

2014), which reduced the number of Σ2 grain boundaries. In addition, a tendency 

of fracture path occurred on {10-10} has been proposed during indentation of 

WC/Co, where the reaction indicated by Eq. (4-6) occurred (Mingard et al., 

2013). Therefore, the expected grain fracture and orientation alignment could 

lead to the increasing amount of prismatic planes ({100}/{10-10}), resulting in 

the preferred WC(100)/(10-10). 
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Finally, the Raman spectra of the machined WC/Co after grinding also did 

not show obvious change compared with the polished surface (see Figure 3.11), 
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as shown in Figure 4.14. 

 

Figure 4.14 Raman spectra of the machined surface of WC/Co 

4.5 Surface generation for WC/Co and RB-SiC/Si 

As I have mentioned above, the non-uniform surface finish of a certain 

workpiece has been rarely investigated, and we would like to focus on the impact 

of material removal rate and spindle vibration on surface characteristics of a 

specific workpiece in this part. The machining parameters is listed in Table 4.3.  

Table 4.3 Detail fine grinding and truing parameters for WC/Co and RB-SiC/Si 

carbide 

Grinding 1500# diamond wheel diam. 20 mm, resin bonded 

 Concentration 100% 

 Wheel RPM ns (rpm) 20,000 

 Workpiece RPM nw (rpm) 120 

 Feed rate f (mm/min) 0.5 

 Depth of grinding ae (μm/pass) 0.5 

Dressing Truer/Dresser Diamond nib/Al2O3 stick 

 Feed rate (mm/min) 0.5 

 Depth of truing (μm/pass) 5 

 Truer RPM (rpm) 500 

 Wheel RPM (rpm) 3000 

Coolant CLAIRSOL 350 MQL 



Chapter 4: Machining induced damage mechanism and surface generation under parallel 
grinding 

76 

4.5.1 Simulation model for the surface finish 

As illustrated in Figure 4.15, the material removal rate (Qw) is dependent on 

the feed rate, as the width of the grinding edge (w) is larger than the feed rate per 

revolution (fr, w>fr). The material removal rate is expressed as follows 

(Marinescu et al., 2007; Zhang et al., 2000):  
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Then, the tangent grinding force (Ft) could be expressed as (Marinescu et al., 

2000): 
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where ae is the grinding depth, vw is the workpiece speed, d is the distance from 

the workpiece center, nw is the rotation speed of the workpiece, vs is the wheel 

speed, fr is the feed per revolution, ec is the specific grinding energy, Q’ is the 

specific material removal rate, bw is the grinding width. From Eq. (4-7) to (4-8), 

vw is variable at different radial position of the workpiece.  

 

Figure 4.15 Illustration of the material removal for parallel grinding 
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Snoeys et al. (Ma et al., 2014; Snoeys et al., 1974) proposed an empirical 

surface roughness model related to the undeformed chip thickness, and the 

goodness of fit (R2) in surface roughness prediction is 1.0 (Choi et al., 2008), 

which is expressed as follows: 
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where R1 and x (0.15<x<0.6) are two constants depending on the particular 

experiment. In Eq. (4-8), hmax is the maximum unformed chip thickness, which 

has been frequently employed to explain the material removal mode during 

machining of hard and brittle materials, and the following expression (Malkin 

and Guo, 2008a) was used in the present part: 
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in which, dse is the equivalent diameter of the wheel, C is the grit surface density 

and r is the ratio of the chip width to the average undeformed chip thickness. 

Therefore, it can be seen that the accuracy for the simulation results of a specific 

grinding process depends on the choice of R1, C, r and x. Based on Eq. (4-7) to 

(4-10), simulation of the surface roughness (Ra) was performed with the grinding 

parameters (grinding spindle speed, workpiece rotation speed, grinding depth, 

feed rate and the diameter of diamond wheel) listed in Table 4.3. To illustrate the 

influence of one of R1, C, r and x on the results, the simulation was performed 

with the others set, and the results is shown in Figure 4.16. 
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Figure 4.16 Calculated results of surface roughness (Ra) based on Snoey’s method: 

(a) dependence of Ra on C, with R1=1.5, x=0.32, r=90; (b) dependence of Ra on r, 

with R1=1.5, C=55, x=0.32; (c) dependence of Ra on R1, with C=55, x=0.32, r=90; 

(d) dependence of Ra on x, with R1=1.5, C=55, r=90 

4.5.2 Effects of material removal rate on surface morphology 

The surface morphology of WC/Co and RB-SiC/Si carbides after grinding is 

shown in Figure 4.17. The surface of WC/Co was mainly covered by obvious 

plastic grinding grooves, while surface fracture occurred on RB-SiC/Si except 

the plastic grinding grooves. This is consistent with the indentation test. In the 

center of WC/Co and RB-SiC/Si, a certain residual height of workpiece material 

remained on the machined surface, and a circle of plastic stripes formed on 
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WC/Co at about 50 μm from the center, whereas a circle of surface 

fragmentation appeared on RB-SiC/Si. This was attributed to the position error 

and macro wheel wear in the previous studies (Guo et al., 2014; Sun et al., 2006). 

Above all, it could be readily found that the surface quality deteriorated with the 

increasing distance from the center for both WC/Co and RB-SiC/Si carbides. 

According to Eq. (4-7) and Eq. (4-8), the stock material removal rate increased 

with the increase of vw, resulting in a higher grinding force. Then, greater plastic 

deformation and brittle fracture were produced for WC/Co and RB-SiC/Si, 

respectively, which directly affected the surface quality. 

 

Figure 4.17 Morphology of the machined WC/Co and RB-SiC/Si surface at 

different radial position: (a) WC/Co center, (b) WC/Co middle and (c) WC/Co 

edge position; (d) RB-SiC/Si center, (e) RB-SiC/Si middle and (f) RB-SiC/Si edge 

position 

To get a further insight into the surface generation under high spindle speed 

grinding (HSSG), the surface morphology and topography measured by SEM 
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and AFM are shown in Figure 4.18, compared with the polished original material 

surfaces. From Figure 4.18(a) and (d), it can be seen that both the WC/Co and 

RB-SiC/Si carbides are densified with the addition of Co and Si, respectively, 

without obvious defect on the polished surface. As shown in Figure 4.18(b), apart 

from the grinding induced plastic deformation, the machined surface of WC/Co 

appears to become compacted, where the mean free path of cobalt binder reduced 

in the grinding direction, indicating the Co binder being extruded under the 

pressure of diamond grits, as illustrated in Figure 3.8. Under the random 

scratching of diamond grits, the extruded Co is segmented into small parts, 

resulting in the formation of many protrusions, as shown in Figure 4.18(c). In 

addition, some WC grains were also dislodged under the dynamic pressure of the 

diamond grits. For RB-SiC/Si, there were also many plastic grooves on the 

surface after grinding. However, a great number of micro-pits occurred and 

distributed randomly near the phase boundaries in the grinding direction, which 

are shown in Figure 4.18(e) and (f). This is consistent with the indentation test, 

which indicates that the strain concentration induced by the coarse grains at 

phase boundaries of RB-SiC/Si make them more fragile under both quasi-static 

and dynamic pressure. 
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Figure 4.18 (a) and (b) BSEM morphology of the polished and machined WC/Co 

carbide; (c) surface topography of the machined WC/Co measured by AFM; (d) 

and (e) BSEM morphology of the polished and machined RB-SiC/Si carbide; (f) 

surface topography of the machined RB-SiC/Si measured by AFM 

Figure 4.19 shows that the surface roughness (Ra) increases slowly with 

increasing radial distance from the center for both WC/Co and RB-SiC/Si 

carbides. As mentioned above, the only variable was the velocity at different 
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radial distances from the center, so it should account for the non-uniform surface 

finishes at different radial positions. Based on the results of a series of 

experiments conducted to optimize the machining parameters, R1 and x were 

experimentally determined to be 1.5 and 0.32, respectively. Using the surface 

morphology, surface topography and the cross-sectional surface profile of the 

diamond wheel, C was calculated to be 55.  

In the present study, considering the specific grinding depth (0.5 μm), it is 

important to point out that C is calculated for grits with a certain protrusion 

heights, as only these grits are of great possibility to be engaged in material 

removal. Therefore, there might be some errors in calculating the values of C. 

While for r, a value of 90 for the ultra-fine diamond wheel was used following 

Wobker and Tonshoff (Mayer Jr. et al., 1994; Wobker and Tonshoff, 1993). The 

simulated results were also shown in Figure 4.18. According to the previous 

work done by Sun et al. (2006), a stepped grinding edge profile of the diamond 

wheel (corresponding to primary material removal zone and secondary material 

removal/finish zone) was generated in parallel grinding mode when the radial 

feed per revolution (fr=4.17 μm) is much lower than the grinding width (grinding 

edge width: 150 μm). For a certain workpiece machined under constant 

parameters, the smaller distance from the center means the more obvious effects 

of the secondary finish zone, resulting in a gradual improvement of the surface 

finish. Therefore, the wear of diamond wheel also contributed to the non-uniform 
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surface finish for a certain workpiece.  

However, the effect is insignificant compared with the impact of surface 

fracture occurred for RB-SiC/Si and hard particle dislodgement for WC/Co, as 

shown in Figure 4.18. Except for the great difference of the surface roughness 

value in the center, caused by position error and macro wheel wear (Guo et al., 

2014; Sun et al., 2006), the trend of the measured results and simulation agreed 

but the values differed, especially for RB-SiC/Si. However, it is important to note 

that variable chip thickness in grinding results from the random protruded height 

of diamond grits, so using a grinding depth of 0.5 μm in the simulation would 

lead to differences with the experimental results.  

In addition, based on the above analysis, the experimentally determined 

values of R1 and x, the calculated C based on a small surface area of wheel, and 

the reference value of r could all induce some errors in the simulation. Therefore, 

the choice of R1, x, C and r also affects the final results. Furthermore, the 

material properties should be considered as a further reason for the difference 

between WC/Co and RB-SiC/Si, as all the grinding parameters were the same. 

Finally, the relative tool-workpiece vibration would increase the surface 

waviness, as well as the surface roughness. 
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Figure 4.19 Simulated and measured surface roughness Ra plotted against radial 

distance from center 

4.5.3 Role of vibration 

Figure 4.20 shows the typical 3D morphology and the respective 

cross-sectional profile of the machined WC/Co and RB-SiC/Si surfaces at a 

distance of 6 mm from center. It was found that the surface waviness was more 

uniform for WC/Co compared with RB-SiC/Si, with the amplitude being around 

0.08 μm and 0.35 μm, respectively. Besides, the vibration induced marks could 

be readily observed due to the plastic deformation on WC/Co. Nevertheless, the 

same phenomenon was not so clear on RB-SiC/Si due to the random surface 

fracture. 
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Figure 4.20 Typical surface topography and cross-sectional profile: (a) and (b) for 

WC/Co; (c) and (d) for RB-SiC/Si 

To get further insight into the influence of the wheel-workpiece vibration, 

original surface profile data at a radial distance of about 6 mm from the center 

was measured by Zygo Nexview and then processed by low pass Fourier filtering 

with Vision.exe software, as shown in Figure 4.21(a). The measured peak 

distance was about 298 μm, corresponding to a radial spatial frequency of 3.35 

1/mm. In addition, an enlarged sub-region of the WC/Co surface was taken from 

Figure 4.20(a), and shown in Figure 4.21(b). Different peak distances can be 

identified and assigned with Arabic numbers in Figure 4.21(b). With the help of 
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the Vision.exe software, the peak distances dpp were calculated to be about 20 μm, 

11 μm, 7 μm, 4 μm and 3μm, respectively. Based on the measured waviness peak 

values dpp, the spatial frequency fspatial can be calculated by Eq. (4-11): 

310

1



pp

spatial d
f                     (4-11) 

fspatial was calculated to be 50, 90.9, 142.85, 250 and 333 1/mm, accordingly. As 

shown in Figure 4.21 (b), it can also be seen that the peak height between 

locations ①, ②, ③ was more noticeable compared with ④ and ⑤.  

 

Figure 4.21 WC/Co surface profile: (a) radial vibration after being dealt with the 

low pass Fourier filtering; (b) circular vibration in an enlarged sub-region 

To analyze the different influencing factors on the surface waviness profile, 

the surface cross-sectional profile data was processed using a Fast Fourier 

Transform (FFT) based Matlab program purposed built. As shown in Figure 4.22, 

varied spatial frequencies (55, 90, 145, 238, and 293 1/mm) appeared at even the 

same position for both WC/Co and RB-SiC/Si carbides. As reported by Cheung 

and Lee ( 2000), adjacent vibration cycles and the phase shift ϕ of the vibration 
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affects the calculated spatial frequency outcomes, marked by ①, ② and ③ as 

shown in Figure 4.20(b). The calculated results by Eq. (4-11) corresponded with 

the values obtained using the power spectrum method. The phase shift frequency 

of tool-workpiece vibration vt,w on the workpiece was given by Cheung and Lee 

(2000): 
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Furthermore, the tool feed effect on the surface characteristic should be 

considered. According to the previous work by Cheung and Lee (2001), the 

following tool feed frequency vF1,nf equation on workpiece was proposed: 
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 , for nf = 0, 1, 2 …                (4-14) 

In single point diamond turning, only when the tool nose radius was smaller than 

feed rate could the feed components be observed clearly (Cheung and Lee, 2001). 

However, in the present study, the measured grinding width of diamond wheel 

was 150 μm, much larger than the feed per revolution (4.17μm/r), so the wheel 

feed does not contribute to the feed component if the wheel edge is regarded in 

its entirety. Nevertheless, things became different when the diameter of single 

diamond grit (3.7 μm) is taken into consideration. Therefore, the diamond grits 

would contribute to the formation of feed components in the tool feed for the 

power spectral density of spatial frequency, marked by ④.  
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Moreover, the random distribution of the diamond grits in grinding wheel 

contributed to the varied grit scratching grooves in the same grinding pass, 

marked by ⑤ (see Figure 4.20 (b)). So it resulted in an inconsistency between 

the calculated spatial frequency fspatial with the power spectral analysis result. 

Some obvious spatial frequency lower than 50 1/mm peaks also appeared. This 

was attributed to the surface micro-pits caused by the dislodgement of WC and 

the surface fragmentation at the phase boundaries for RB-SiC/Si (Xie et al., 

2003), as well as the non-uniform material removal rate between binders and 

hard particles.  

 

Figure 4.22 Power spectral densities of the surface profiles for: (a) WC/Co; (b) 

RB-SiC/Si 

4.6 Summary 

Ultra-precision grinding experiments were conducted on WC/Co and 

RB-SiC/Si carbides to investigate the surface generation and damage mechanism 

in this Chapter, including amorphization, broken surface, formation of micro-pits, 
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and the non-uniform surface finish. Focusing on the characterization of the 

machined surface, Scanning electron microscope (SEM), Energy dispersive 

spectrometer (EDS), Raman spectroscopy, X ray diffraction (GIXRD and 

BBXRD), Optical microscope (OM), 3D white light interferometer (WLI), 

Atomic force microscope (AFM) and Fast Fourier Transformation (FFT) were 

utilized to analyze the surface generation and damage mechanism. The following 

summary could be achieved: 

(1) Amorphization occurred for SiC and Si phase in the surface layer 

identified by X ray diffraction, and the metamorphic degree on the machined 

surface rose with the decrease of feed rate. Preferred growth of Si(111) in 

RB-SiC/Si and WC{100}/{10-10} in WC/Co occurred after grinding; 

(2) For RB-SiC/Si, the grinding surface also changed from micro-breaking 

to smoother surface, but accompanied by the formation of many micro-pits at 

phase boundaries with the decrease of feed rate. In addition, C segregation on 

SiC surface and at the SiC/Si phase boundary contributed to the surface fracture 

and the formation of micro-pits which played a dominant role on the surface 

roughness. For WC/Co, the machined surface was characterized by plastic 

deformed grinding grooves, extruded Co and WC dislodgement; 

(3) Non-uniform surface finish resulted from the varied material removal 

rate. The surface roughness increased with increasing radial distance from the 

workpiece center for both WC/Co and RB-SiC/Si carbides. The trend 
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corresponded with the simulation results based on Soneys’ model, but with some 

disparity caused by different factors;  

(4) Relative tool-workpiece vibration on the grinding surface was identified, 

and different spatial frequencies were analyzed. Considering the random 

distribution and diameter of diamond grits in wheel, the tool feed component 

during grinding differed with single point diamond machining. 
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Chapter 5 Effects of material 

microstructure on the surface damage 

and generation 

5.1 Introduction 

Silicon carbide (SiC) and tungsten carbide (WC) are extensively applied in 

electronics, aeronautics and optical fields due to their high strength and hardness, 

high chemical stability and corrosion resistant at elevated temperature (Agarwal 

and Rao, 2008; Duszová et al., 2013; Krakhmalev et al., 2007; Xiao et al., 2015a). 

To densify the bulk materials and increase the toughness, suitable amount of Si 

and Co are added to SiC and WC, respectively (Artini et al., 2012; Fang et al., 

2009; Huang and Zhu, 2005; Liang et al., 2015; Padture, 1994).  

During fabrication and processing, reactive infiltration with liquid Si in SiC 

and Co added to WC, respectively, could improve their mechanical properties 

obviously (Calderon et al., 2009; Fang et al., 2009). Co is extensively used as 

binders in hard alloys for its high temperature stability and good ductility, and 

the inter-diffusion of liquid Co and carbon during sintering would promote the 

interface strength (Eso et al., 2007). In comparison, Si is famous as a 

semiconductor but is of great brittleness. Chemical reaction could take place 

between Si and carbon at high temperature and the liquid Si could fill the pores 

in the sintering process (Calderon et al., 2009; Huang and Zhu, 2005), so the 
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mechanical properties could also be improved. Nevertheless, the surface damage 

mechanism became more complicated with the existence of free silicon in the 

bulk materials, even though extra Si could densify the bulk materials. The crystal 

structure of diamond cubic Si and cubic Co is shown in Figure 5.1. 

 

Figure 5.1 Crystal structure of Si and Co: (a) diamond cubic Si; (b) face centered 

cubic Co 

Reaction bonding sintering technique has been widely used to manufacture 

SiC for the facile production requirement, during which chemical reaction takes 

place between Si and carbon at high temperature. Even though Si is famous as a 

semiconductor, but it is of great brittleness. Therefore, it is certain that the 

material removal and surface generation mechanism of RB-SiC/Si should also 

have been changed accordingly due to the existence of Si in the bulk materials. A 

number of related investigations have been conducted to study the influence of 

materials microstructure on the surface damage mechanism under indentation 

and abrasive machining of RB-SiC/Si carbides. Lawn et al had shown that a 
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threshold indentation load existed for typical ceramics, below which only plastic 

deformation was induced (Lawn and Evans, 1977; Swab et al., 2007). Previous 

study demonstrated that cleavage was the dominated damage mechanism for 

single crystalline and poly-crystalline SiC under indentation (Swab et al., 2007). 

The heterogeneity of microstructure resulted in the formation and propagation of 

micro-cracks at the interphase boundaries of SiC, and then grains dislodgement 

would be induced for RB-SiC/Si composites under grinding (Xu et al., 1995a). 

Agarwal (Agarwal and Rao, 2008; Agarwal and Venkateswara Rao, 2010) also 

presented that micro-fracture and grain dislodgement were mainly responsible 

for material removal under grinding.  

Moreover, high pressure induced phase transformation (HPPT) of Si has 

been widely investigated, and the volume change accompanied will prompt the 

fracture which make the critical depth of cut lower than the theoretical 

calculation (Huang and Yan, 2015; Kailer et al., 1997; Tanikella et al., 1996). 

Actually, high pressure phase transformation (HPPT) of both Si and SiC would 

be produced under mechanical loading (Goel et al., 2012; Huang and Yan, 2015; 

Kailer et al., 1997; Kroll et al., 1988; Meng et al., 2016; Tanikella et al., 1996; 

Xiao et al., 2015a; Yan, 2004; Yan et al., 2005; Zarudi et al., 2004). Specifically, 

the transformation of diamond cubic Si (Si-І) to high pressure phases (β-Si (Si-

Ⅱ), Si-Ⅴ, Si-Ⅵ, Si-Ⅶ, Si-Ⅹand Si-Ⅺ) might occur under increasing pressure, 

while Si-Ⅻ, Si-Ⅲ or amorphous Si could be produced from the high pressure 
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phases depending on the unloading condition (Kailer et al., 1997; Tanikella et al., 

1996). The rapid unloading directly resulted in the amorphization of β-Si (Kailer 

et al., 1997). This transition was found to bear great impact on the conductivity, 

surface integrity and machinability (Kroll et al., 1988; Shibata et al., 1996; Yan 

et al., 2005; Yan et al., 2009). 

For WC/Co carbide, a number of relevant investigations have also been 

conducted to study the influence of materials microstructure on the surface 

damage mechanism. Bl’anda et al (2015) reported that the addition of Co 

resulted in the appearance of ‘mix-mode’ indents, where the indents were always 

at multi-phase points, so great difference of measured hardness was obtained. 

Duszová et al (2013) even found that the higher volume fraction of binder would 

change the damage mechanism of WC/Co from fracture of WC/WC bridges to 

deformation of Co binder under indentation. Then, it can be drawn that the 

critical load could be improved and ductile material removal mode could be 

achieved more easily during grinding (Bifano et al., 1991). The existing phase 

boundaries between WC and Co would impede the propagation of interfacial 

micro-cracks which resulted in the grains dislodgement, and the strengthening 

effects of binders has been proved by Zhang et al (2015). Moreover, Yin et al 

(2004) found that the grinding surface of WC/Co was characterized by 

microgrooves and plastic flow regions via slip of WC grains along the Co binder. 

More recently, Gant et al (Gant et al., 2005; Gant and Gee, 2015) also reported 
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the close relation of wear modes with material microstructure for WC/Co.  

Even though there are some common mechanical features of RB-SiC/Si and 

WC/Co carbides at high temperature, great difference in surface generation 

during grinding of RB-SiC/Si and WC/Co composites exists. It has been reported 

that the damage mechanics for ceramics could be changed and optimized by the 

addition of binders (Lawn et al., 1994), so the surface generation mechanism 

under grinding after the addition of binders (free Si and Co) in the bulk materials 

still need further investigation.  

The present chapter aims to investigate the role of material microstructure 

on surface generation of RB-SiC/Si and WC/Co carbides during ultra-precision 

grinding, which were focused on the effects of Co and free Si. Firstly, 

nano-indentation test was performed to study and analyze the material failure 

mechanisms. Then, the role Co and Si on the surface damage mechanism of 

WC/Co and RB-SiC/Si composites under high spindle speed grinding (HSSG) 

was investigated, compared with the binderless WC and single crystalline 

6H-SiC. 

5.2 Experiments 

Commercially available WC/Co and RB-SiC/Si carbides (~6.wt% Co and 

~10.wt% Si, Goodfellow Cambridge Ltd., UK), binderless WC (Dijet Industrial 

Co., Ltd), monocrystalline 6H-SiC and Si (Xiamen Powerway Advanced 
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Material Co., Ltd, China) were used. Before the indentation test, the workpiece 

materials of WC/Co and RB-SiC/Si were firstly polished with diamond paste of 1 

μm diameter to remove the surface layer and reduce the impact of the original 

surface defects, with the obtained surface roughness (Ra) to be about 3 nm for 

WC/Co and 10 nm for RB-SiC/Si.  

The surface morphology of the polished WC/Co composites indicates that 

there exists no obvious defects in the original bulk materials and the WC grain 

size is about 2 μm, as can be seen from Figure 5.2(a) and Figure 5.2(b). 

Nano-indentation test was conducted on a nano-indenter (Nano-Indenter® XP 

system, MTS) with continuous stiffness measurement (CSM) mode at varied 

parameters. The Vickers indentation test was conducted on the polished surface 

by Vickers micro-hardness tester (MicroWiZhard) under the loads of 0.2 kg, with 

the loading time of 5 s, holding time of 10 s and unloading time 5 s. Three 

repeated indentations were performed for each substrate at varied surface 

positions to investigate the surface profile generated under static normal pressure. 

High spindle speed grinding (HSSG) was conducted on Moore Nanotech 

450UPL, and detail illustration of the grinding setup and mechanical properties 

of workpiece materials is shown in Figure 4.1 and references (Zhang et al., 2015; 

Guo et al., 2013; Xiao et al., 2015a). The grinding parameters in the present work 

are listed in Table 5.1.  
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Figure 5.2 (a) and (b) Surface morphology and topography of the polished WC/Co; 

(c) and (d) surface morphology and topography of the polished RB-SiC/Si 

Table 5.1 Detail grinding and truing parameters  

Grinding 1500# diamond wheel diam. 20 mm, resin bonded 

 Concentration 100% 

 Wheel RPM ns (rpm) 20,000 

 Workpiece RPM nw (rpm) 120 

 Feed rate f (mm/min) 0.5 

 Depth of grinding ae (μm/pass) 0.5 

Truing Truer/dresser Diamond nib/Al2O3 stick 

 Feed rate (mm/min) 0.5 

 Depth of truing (μm/pass) 2 

 Truer RPM (rpm) 300 

 Wheel RPM (rpm) 2000 

Coolant CLAIRSOL 350 MQL 

The morphology of the indentation and grinding surface was characterized by 

scanning electron microscope (SEM, Hitachi TM3000). The Nexview 3D profiler 

(ZygoLamda) was used to measure the typical 3D surface topography and 



Chapter 5: Effects of material microstructure on the surface damage and generation 

98 

surface roughness (Ra) after grinding. Raman spectroscopy (JYHR800, Horiba) 

was also utilized to examine the phase transformation of Si for RB-SiC/Si under 

grinding, with the laser wavelength of 458 nm and the spot size around 1μm. 

5.3 Results and discussion 

5.3.1 RB-SiC/Si carbide 

Figure 5.3 shows the load-displacement curve of nano-indentation for 

RB-SiC/Si under the loading/unloading time of 5 s and varied loads, respectively. 

It is found that there is no evident plastic deformation of SiC phase surface at 5 

mN as the loading and unloading curve even overlap, which is shown in Figure 

5.3(a). In comparison, an elbow occurs on Si surface even under 5 mN, and it 

becomes more obvious under 25 mN, as shown in Figure 5.3(d) and Figure 

5.3(e). With the increase of loads, the residual plastic deformation on SiC also 

rises, which can be seen in Figure 5.3(b) and Figure 5.3(c). However, the pop-out 

of the unloading curve for Si phase at 50 mN appears, as shown in Figure 5.3(f), 

which indicates the phase transformation induced volume change of Si during the 

fast unloading stage (Domnich et al., 2000; Huang and Yan, 2015a; Huang and 

Yan, 2015b; Page et al., 1992). 
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Figure 5.3 Load-displacement curve of RB-SiC/Si under the loading time of 5 s 

and varied loads: (a) 5mN, (b) 25 mN and (c) 50 mN on SiC phase; (d) 5mN, (e) 25 

mN and (f) 50 mN on Si phase 

Figure 5.4 shows the measured modulus and hardness by nano-indentation 

at varied loads. With the existence of free Si, the varied mechanical properties 

between the Si and SiC phases resulted in the non-regular load-displacement 

curves at different positions. With the increase of load at a constant 

loading/unloading time (5 s), the higher load and loading rate leads to the higher 



Chapter 5: Effects of material microstructure on the surface damage and generation 

100 

dynamic toughness and dislocation strengthening effects, so the measured 

hardness increased to some degree. Nevertheless, the modulus at max load for 

SiC and Si phases showed different trend. Specifically, the modulus of SiC 

dropped with the increasing max load and loading rate, while it increased for Si. 

 

Figure 5.4 (a) Elastic modulus and (b) hardness of SiC and Si phases measured by 

nano-indentation; (c) average modulus and hardness RB-SiC/Si at varied loads 

This phenomenon could be attributed to the surrounding phase effects, as 

illustrated in Figure 5.5. When the nano-indentation was conducted on SiC, the 

surrounding Si would contribute to the deformation, as indicated in Figure 5.5(a). 

On the contrary, SiC phases around Si worked as rigid substrates, resulting in the 

decreasing modulus at greater loads for Si, as illustrated in Figure 5.5(b). As a 

result, great disparity of measured modulus and hardness appeared for RB-SiC/Si 
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caused by the difference between SiC and Si, as shown in Figure 5.4(c). 

Moreover, the phase transformation of Si under mechanical loading also 

contributed to the difference, indicated by the appearance of ‘pop-out’ effect in 

Figure 5.3(f) (Huang and Yan, 2015b; Kailer et al., 1997). 

 

Figure 5.5 Illustration of the effects of surrounding phases on the nano-indentation 

results 

Figure 5.6 shows the SEM morphology of Vickers-hardness indentation 

imprints of the single crystal 6H-SiC, monocrystalline Si, and RB-SiC/Si under 

the load of 0.2 kg, respectively. As can be seen from Figure 5.6(a) and Figure 

5.6(b), obvious radial cracks were induced during Vickers indentation on both 

single crystal 6H-SiC and Si, with the indentation depth on Si being greater than 

6H-SiC. Moreover, it could be found that the workpiece material was extruded 

and swelled out of Si, resulting in the plastic deformation under the pressure of 

indenter.  
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Figure 5.6 BSEM morphology of the Vickers-hardness indentation imprints at the 

load of 0.2 kg: (a) Single crystal 6H-SiC; (b) monocrystalline Si; (c) RB-SiC/Si 

For RB-SiC/Si at the same loading force, as shown in Figure 5.6(c), obvious 

radial and lateral cracks could also be observed around the four sharp tips. 

Furthermore, the propagation of cracks seemed to be dependent on the relative 

direction between the crack tip and phase boundary. Specifically, cracks were 

prone to form and extend along the phase boundaries as they were nearly parallel, 

but the phase boundary hindered the crack propagation when it was located 

perpendicular to the crack tip, which is illustrated in Figure 5.7. In addition, 
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obvious shear band could be found on the indentation chipping surface and the 

length of radial cracks decreased compared with single crystalline Si and 6H-SiC. 

This is a good indication that free Si in bulk RB-SiC/Si could improve the 

toughness in some way according to Eq. (5-1) and Eq. (5-2) (Guo et al., 2013; 

Laugier, 1987).  
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where Kc is the fracture toughness, E is the elastic modulus, H is the hardness, P 

is the indentation load (kg), L is the crack length (mm), a is the diagonal length 

(mm) and C=L+a, HV is the Vickers hardness and F is the test force (N).  

 

Figure 5.7 Illustration of the effect of free Si on the surface failure of RB-SiC/Si 

under Vickers-indentation 
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Fracture and chipping that occurred at the phase boundaries of SiC and Si 

would deteriorate the surface integrity seriously. Based on the previous studies 

(Quinn et al., 2002; Quinn and Quinn, 1997; Yin and Huang, 2008), the 

brittleness could be ordered as: RB-SiC/Si>6H-SiC>single crystalline Si, and 

worked well as the surface fracture tendency criterion. Furthermore, the depth of 

indentation and plastic deformation on Si was obviously larger than SiC due to 

their different hardness. 

In fact, plastic deformation would occur firstly under the pressure of 

indenter, and radial cracks is induced at the point of sharp edge, then the lateral 

cracks will be evoked as the deformation reaches the fracture strength. Based on 

the previous investigation (Gao et al., 2010; Goel et al., 2013; Lawn and Evans, 

1977; Lawn and Marshall, 1979), the critical load of indentation crack P could be 

obtained by the following equations: 
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where Pr is the critical load of radial crack, Pl is the critical load for lateral crack, 

E is the elastic modulus, H is the hardness, Kc is the fracture toughness, λ0 and μ0 

are the geometrical constants dependent on the material (λ0=1.6×104 and μ0=120 

was used), c is the crack length, ζ is a dimensional constant and f(E/H) is an 
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attenuation function.   5102 HEf  is usually used. Based on the elastic 

modulus and hardness given, the calculated critical load and crack length are 

0.083 N and 1.728 μm, respectively. For RB-SiC/Si, the occurrence of edge 

chipping and intergranular cracks indicated that the addition of Si to RB-SiC 

weakened the interfaces and promoted the cracks formation, which could be 

attributed to the stress concentration caused by the non-uniform distribution of 

phase boundaries, as well as the phase transformation induced volume change 

(Kailer et al., 1997).  

Figure 5.8 shows the surface morphology and topography of RB-SiC/Si 

carbides after grinding. It is found that the machined surface of RB-SiC/Si was 

characterized with plastic grinding grooves and micro-fracture of a random depth 

distributed along phase boundaries under the dynamic pressure of diamond grits, 

as shown in Figure 5.8(a) and Figure 5.8(b). This is consistent with the 

indentation test, which can be seen in Figure 5.6(c). Compared with the 

indentation test for RB-SiC/Si composite, the grinding surface showed similar 

characteristics. Discontinuous cracks occurred along the same trace of grinding 

pass, attributed to the stochastic and random distribution of diamond grits in the 

wheel. The existing phase boundaries between SiC and Si weakened the surface 

strength for RB-SiC/Si composites, and it would promote the edge chipping 

under the dynamic pressure of grits and also increase the fracture depth. It is 

interesting to find that the phase boundaries with an angle to the grinding 
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direction tend to be broken easily, while those perpendicular to the grinding 

direction shows good integrity, as is shown in Figure 5.8(a) and Figure 5.8(b). 

The surface quality was aggravated by the block shedding and tearing of 

workpiece materials, leaving deeper pits on the machined surface.  

 

Figure 5.8 Surface morphology, surface topography and the cross-sectional 

surface profile height of the grinding surface: (a) SEM surface morphology; (b) 

topography measured by AFM; (c) and (d) WLI 3D surface topography 

Moreover, it can be readily find from the 3D surface topography of 

RB-SiC/Si after grinding that some projections appeared randomly on the 

machined surface. Besides, the residual height of SiC phase is obvious greater 

than Si phase, leaving the formation of reliefs on the machined surface, as is 

shown in Figure 5.8(c) and Figure 5.8(d). As has been illustrated by the 

indentation test above, the different hardness of the bulk material composition 
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phase resulted in the varied penetrated depth for diamond grit, so the material 

removal rate differed under grinding.  

It has been shown that the phase transformation of Si under 

nano-indentation could lead to the “pop-out” effect in the load-displacement 

curve, and the obvious chipping occurred at phase boundaries under 

Vickers-indentation, as shown in Figure 5.3(f) and Figure 5.6(c). It can be seen 

from Figure 5.9 that the results of Raman spectra at different points on the 

grinding surface confirmed the phase transformation of Si under dynamic 

pressure of diamond grits, where the peaks at 154 cm-1 and 520 cm-1 decreased 

evidently. The phase transformation accompanied volume change would 

contribute to the phase boundaries fracture between SiC and Si, resulting in the 

critical depth of cut to be much less than the theoretical value (Bifano et al., 

1991). 

 

Figure 5.9 Raman spectra of the grinding surface at different points 
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5.3.2 WC/Co carbide 

Figure 5.10 shows the load-displacement curves of nano-indentation for 

WC/Co under the loading/unloading time of 5 s and various loads. It could be 

found that the load-displacement curve at 5 mN is obviously crooked, and there 

exists a fast displacement zone at the initial point, which results in an even flat 

load-displacement curve.  

 

Figure 5.10 Load-displacement curves for WC-Co before and after grinding at the 

max loads of 5 mN, 10 mN, 100 mN and 200 mN: (a), (c), (e) and (g) for polished 

surface; (b), (d), (f) and (h) for grinding surface 
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Previous studies have reported that not only the crystallographic orientation 

of WC particles but also the Co binder addition contributed to this phenomenon 

(Bľanda et al., 2015; Duszová et al., 2013; Roa et al., 2015). Moreover, it could 

be found that the “pop-in” effect at the lower load and loading rate is more 

obvious than the higher load and loading rate. As far as the contact area is 

concerned, the protrusion height of the scratched grooves promoted the rapid 

displacement at a low loading rate. In addition, the pop-in phenomenon did not 

obviously appeared for the machined surface at the initial loading stage, which is 

attributed to the formation of a densified and deformed layer induced by 

grinding. 

Figure 5.11 shows the surface morphology of the Vickers-indentation 

imprints on WC/Co and binderless WC. As can be seen from Figure 5.11(a), 

only regular indentation dimples were replicated from the shape of Vickers 

indenter on WC/Co surface at the load of 0.2 kg, and there was no obvious 

surface crack generated near the indentation position. More specifically, the 

workpiece material was extruded and swelled out under the pressure of indenter, 

resulting in the plastic deformation for both WC and Co. Besides, an obvious 

densified region could be found on the compressed surface. For binderless WC at 

the same loading force, as shown in Figure 5.11(b), obvious radial cracks could 

be observed around the four sharp tips. Therefore, it can be safely drawn that the 

addition of Co binder could obviously improve the toughness of bulk materials. 
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Figure 5.11 BSEM morphology of Vickers-hardness indentation profile at the load 

of 0.2 kg: (a) WC/Co; (b) binderless WC 

Figure 5.12(a) and Figure 5.12(d) shows the surface topography of WC/Co 

and binderless WC after grinding, which were measured at the position of 4 mm 

from the workpiece center. It could be found that the machined surface of both 

WC/Co and binderless WC were covered by plastic feed marks. However, things 

also differed because many superficial micro-pits occurred on WC/Co surface. 

On the one hand, the hard WC particles were extruded to be denser under the 

shock pressure of diamond grits for WC/Co, and some WC particles would fall 

as the extruded Co between the neighboring hard phases was removed with less 

binders remained, leaving some pits on the surface.  
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Figure 5.12 Surface topography, cross-sectional profile height and FFT results of 

the machined WC/Co and binderless WC 

On the other hand, due to the different harness between WC and Co, the 

material removal rate differed, resulting in the varied height between WC 

particles and cobalt binders. The cross sectional profile height of the machined 

surface at 4 mm from the workpiece center, as shown in Figure 5.12(b) and 

Figure 5.12(e), indicates the worse surface finish obtained for WC/Co. The 

surface roughness (Ra) is 9.42 nm for WC/Co and 7.25 nm for binderless WC. 
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The results of Fast Fourier Transform (FFT) analysis confirmed the great 

influence of micro-pits generated on the machined surface. As can be seen from 

Figure 5.12(c) and Figure 5.12(f), the main peak for WC/Co is located at 148.1 

1/mm, while the main peak is 236.1 1/mm for binderless WC, which corresponds 

to the feed components calculated based on the Eq. (4-11). 

Figure 5.13 shows the measured elastic modulus and hardness by 

nano-indentation at varied loads. After the addition of binders, the various 

mechanical properties between the hard particles and binders would result in the 

non-regular load-displacement curves at different positions. At the load of 5 mN, 

the plastic deformation of Co binder in WC/Co is firstly induced, leading to the 

quick displacement at the beginning, even though the nano-indentation was 

performed on WC particle. With the increase of load, the higher load rate at 10 

mN and 25 mN will make the Co binder around WC particle deformed quickly, 

resulting in the higher dynamic toughness and dislocation strengthening effects. 

 

Figure 5.13 Elastic modulus and hardness of WC/Co measured by 

nano-indentation 
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This could be attributed to the indentation size effects (ISE) (Almasri and 

Voyiadjis, 2009; Voyiadjis and Peters, 2009). With the increase of load, the 

higher load rate at 10 mN and 25 mN make the Co binder around WC particle 

deformed quickly, resulting in the higher dynamic toughness and geometrically 

necessary dislocations (GNDS) strengthening effects (Voyiadjis and Peters, 

2009). However, the strengthening effects of GNDS was limited with the further 

rise of the max load, as the length of deformation becomes much greater than the 

grain size. Therefore, the measured modulus and hardness stay steady. 

As has been mentioned, plastic deformation would occur firstly under the 

pressure of indenter before the radial cracks were evoked at the point of sharp 

edge due to the stress concentration. Based on Eq. (5-1) to Eq. (5-6), the smaller 

d value and crack length (c) or no crack formation for WC/Co is a good 

indication for its better toughness than binderless WC. Therefore, it could be 

safely concluded that the critical load for WC/Co was much greater than 

binderless WC for its lower hardness (H) and better toughness (Kc), so 0.2 kg 

was not enough for the crack formation on WC/Co, even though binderless WC 

was severely damaged with obvious radial cracks. Actually, obvious 

transgranular cracks could be generated under higher load. Figure 5.14 shows the 

surface morphology of indentation imprints for WC/Co and binderless WC under 

5 kg. The twisted cracks for WC/Co means that the toughness (Kc) could be 

improved as the micro-cracks appeared at the interfaces between WC particles 
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and Co binders could impeded the propagation of cracks (Lawn, 1993; Sigl, 

1996). However, due to the irregular shapes of WC particles (Chang and Chang, 

2014), as shown in Figure 5.14(a), stress concentration is induced at the 

boundaries between WC and Co, so it could be readily seen that the origin of 

cracks is right at the phase boundaries. In comparison, the length of cracks on 

binderless WC was much longer and also quite straight. 

 

Figure 5.14 Vickers-hardness indentation profile at the load of 5 kg on: (a) WC/Co; 

(b) binderless WC 

Indicated by the indentation test above, the different hardness of the bulk 

material composition phase led to the varied penetration depth for diamond grit, 

so the material removal rate also differed. Especially for the ductile Co, it was 

extruded under the dynamic pressure of diamond grits (Zhang et al., 2016a). 

Then, the extruded Co could be removed by the following diamond grits. 
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Moreover, as another material removal mode, the WC grain dislodgement could 

be induced (Zhang et al., 2016b), and some micro-pits were left on the grinding 

surface, which contributed to the main spatial frequency.  

5.4 Summary 

The main aim of the present chapter is to investigate the effects of material 

microstructure on the surface generation and damage mechanism of RB-SiC/Si 

and WC/Co carbides under high spindle speed grinding (HSSG), which focuses 

on the impact of binder addition. The following conclusions could be drawn: 

(1) The crooked loading-displacement curve of nano-indentation resulted 

from the activation of slip system under low loads and slow loading rate. The 

indentation size effects (ISE) was more obvious, where obvious deviation of 

measured elastic modulus and hardness for both RB-SiC/Si and WC/Co appeared 

in the nano-indentation test. In addition, the existence of free Si in bulk 

RB-SiC/Si led to the great disparity of measured elastic modulus and hardness.  

(2) The Vickers indentation imprints of RB-SiC/Si indicated that phase 

boundaries became the fragile position where edge chipping was easily induced 

in bulk materials for RB-SiC/Si. Compared with single crystal Si and 

monocrystalline SiC, the length of radial cracks for RB-SiC/Si formed under 

Vickers indentation dropped, which indicated that the existence of free Si could 

improve the toughness of bulk materials. In addition, phase boundaries also 
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became the fragile position in WC/Co bulk materials, and the toughness was 

improved by the micro-cracking mechanism. 

(3) Even though Si and Co could densify and improve the toughness (Kc) of 

bulk materials evidently, it deteriorated the surface finish of RB-SiC/Si and 

WC/Co achieved during high spindle speed grinding (HSSG). Under the 

dynamic pressure of diamond grits, hard particle dislodgement occurred as 

another material removal mode due to the phase boundaries weakening effects. 

Non-uniform material removal rate resulted from the various hardness of the 

composed phases (Si and SiC, WC and Co), leading to the generation of surface 

relief during high spindle speed grinding (HSSG); 

(4) Phase transformation of Si in RB-SiC/Si was identified by Raman 

spectra under high spindle speed grinding (HSSG). The accompanied volume 

change resulted in the appearance of elbow and pop-out effect in the 

load-displacement curve under nano-indentation, as well as the formation of 

surface burs on the grinding surface. 
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Chapter 6 Wheel wear mechanism and 

its impact on surface generation 

6.1 Introduction 

During ultra-precision grinding of carbides, the wear of grinding wheels is a 

key factor that influences the form accuracy and surface integrity (Chen and Lin, 

2011; de Oliveira et al., 1999; García et al., 2014; Hamdi et al., 2003). According 

to Marinescu et al. (2006), there are three main types of wheel profile wear: 

profile deviation, roundness deviation, and changes in grinding wheel sharpness, 

while the abrasive grits wear is divided into flattening, grain splintering and 

break-off. A number of literatures (Perveen et al., 2012; Chen and Rowe, 1996) 

focused on the influence of grains wear on the nanometric surface generation. 

Ultra-precision grinding of RB-SiC/Si and WC/Co has been widely 

conducted to achieve smoother surface and high form accuracy at the optimized 

machining parameters. The wear of grinding wheel would not only affect the 

surface roughness but also the form accuracy of the workpiece to be machined 

(Li et al., 2004; Sun et al., 2006). Furthermore, the surface characteristics after 

grinding were also affected by different error sources (Guo et al., 2014; Huang et 

al., 2007), material microstructure (Xu et al., 1995b) and also wheel dressing 

(Zhang et al., 2015). To analyze the grinding process, different models were built 

based on the different grain shape and material removal mechanism (Agarwal 
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and Rao, 2005; Chen and Rowe, 1996; Liu et al., 2013). Among them, 

semi-analytical method by using the micro-milling analogy was found to be an 

effective method to predict the grinding force (Aslan and Budak, 2014), and it 

was also found that the diamond grit with the maximum cutting depth played a 

determinant role on the surface generation (Chen et al., 2005). Under this 

consideration, great change in grinding marks on the machined surface resulted 

from the minor change of the processing parameters (Chen et al., 2015). 

Deemed as a surface generation process, Oliveira et al (2009) believed that 

one of the industrial challenges encountered by ultra-precision grinding is the 

machining of functional surface serving in optical fields, molding and 

automotive industries, aeronautic and aerospace devices, etc. For the machining 

of small spherical and aspherical surfaces with high depth to radius ratio on hard 

and brittle materials, the recent developed grinding methodology, namely, wheel 

normal grinding, has been utilized by Yamamoto et al (2006). However, during 

ultra-precision grinding, diamond wheel wear and various error sources would 

contribute to the form deviation of the machined surface (Brinksmeier et al., 

2011), so on-machine truing of diamond wheel and the compensation of tool path 

were quite necessary (Jiang et al., 2012; Peng et al., 2015). Huang et al (Huang et 

al., 2007) developed a new compensation method to reduce the impact of wheel 

geometry during grinding aspherical inserts, in which they modified the tool path 

by offsetting the residual profile error along normal vectors of the grinding points. 
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Chen et al (2013) analyzed the form error generated during single-point inclined 

nanogrinding, and small aspherical insert has been fabricated (Chen et al., 2015). 

In addition, the surface quality of a ground workpiece achieved is determined by 

the wheel topography, so appropriate truing and dressing of the grinding wheel 

before and during the machining process is a prerequisite for achieving superior 

surface finish (Wegener et al., 2011; Zhao and Guo, 2015a). 

In this Chapter, the impact of diamond wheel wear, including macro wheel 

wear and micro wheel wear, on the surface generation during parallel grinding of 

RB-SiC/Si and WC/Co were firstly investigated. The way to true and dress the 

diamond wheel to obtain sharp edge was then introduced. Finally, two types of 

functional surface were machined by ultra-precision grinding with the prepared 

sharp edge wheel.  

6.2 Experiments 

To verify the impact of diamond grits wear, dry scratching test was 

performed on a precision grinding machine MUGK7120X5 (Hangzhou Machine 

Tool Group Co., Ltd., China), using a worn diamond indenter. The diamond grit 

was fixed to a steel disc and the diameter of the sharp point was 230 mm. A 

counter-part was also fixed on the steel disc to balance the system. The 

experimental setup is illustrated in Figure 3.2, and the experiment was performed 

with the parameters listed in Table 3.2. To study the influence of wheel wear, 
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commercially available RB-SiC/Si and WC/Co composites (Goodfellow 

Cambridge Ltd., UK) were machined on Moore Nanotech 450UPL, equipped 

with an on-machine measuring probe. Illustration of the grinding machine is 

shown in Figure 6.1. Face grinding of RB-SiC/Si and WC/Co was conducted in 

the parallel mode, which need the X and Z axes linkage movement. Resin 

bonded wheels of 325# and 1500# grit sizes (Diagrind, Inc., USA) were chosen 

for rough and fine grinding, respectively. The machining parameters are listed in 

Table 4.1 and Table 4.3, respectively. The detail properties of RB-SiC/Si and 

WC/Co composites are tabulated in Table 3.1.  

 

Figure 6.1 Illustration of the grinding setup 

Scanning electron microscope (SEM, JEOL Model JSM-6490, equipped 

with energy disperse spectroscopy (EDS)) was used to identify the worn 

mechanism of diamond wheel. Nexview 3D profiler (ZygoLamda) was used to 

measure the typical 3D surface topography of 325# and 1500# diamond wheels 

after grinding. The surface roughness and the cross-sectional profile of the 

grinding surface was also analyzed by the white light interferometer 
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(ZygoLamda) and the contact probe (Talysurf 1240). In addition, the on-machine 

LVDT probe and optical CCD were utilized to measure the form accuracy and 

examine the macro wheel wear. 

6.3 Results and discussion 

6.3.1 Scratching test 

To verify the influence of diamond grits wear on the surface generation, the 

dry scratching test with a worn diamond indenter was also performed, and the 

surface topography and cross sectional surface profile is shown in Figure 6.2. It 

can be easily seen that random surface fracture of the diamond indenter occurred. 

As can be seen from Figure 6.3, the worn surface of the diamond indenter was 

covered by the splintering sharp edges of various protrusion heights. Therefore, 

the initial contacting position among these edges on the workpiece surface 

should be different, which is shown in Figure 6.4. This can be validated by the 

surface morphology and topography of the scratched grooves on RB-SiC/Si, 

which indicated that different depth of cut was generated on the scratched 

grooves at the same moments during scratching, corresponding to the varied 

protruded sharp edges on the diamond indenter.  
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Figure 6.2 (a) Surface topography and (b) cross sectional profile of the worn 

indenter 

 

Figure 6.3 Surface morphology of the worn diamond indenter after scratching: (a) 

the diamond indenter; (b) the worn edge after scratching; (c) the enlarged area 1 

taken from (b); (d) the enlarged area 2 taken from (b) 
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Figure 6.4 (a) Surface morphology of the scratching groove on RB-SiC/Si by the 

worn diamond grits; (b) surface topography measured by AFM 

As can be seen in Table 6.1, EDS results of the different positions (A, B, C, 

D) indicates that not only the oxidation of workpiece materials occurred under 

the high temperature, but also the obvious oxidation of the diamond indenter 

appeared under dry scratching. More specifically, the EDS results of the different 

points on the worn indenter indicated that obvious oxidation occurred only at the 

friction points (Points A, B, D) during the scratching test, which was attributed to 

the high temperature, while no oxygen element was detected at the fracture 

position (Point C). 

Table 6.1 Semi-quantitative EDS results (At. %) of the points indicated in Figure 

6.3 

Points A B C D 

Element C 96.64 94.88 100 91.54

Element O 3.36 5.12 - 8.46 
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6.3.2 Plunge grinding test 

Even during the plunge grinding, obvious wheel wear occurred during the 

grinding process and should also bear a great influence on the surface generation. 

As shown in Figure 6.5(a) and Figure 6.5(b), the diamond grits that involved in 

the material removal experienced obvious wear, including grain dislodgement, 

surface flattening and splintering. It can also be easily seen that the protruded 

height of the diamond grits is in random and stochastic distribution. Compared 

with the fresh sharp grains located aside, the surface profile of worn grits was 

found to be non-regular, as shown in Figure 6.5(c). The profile indicates that 

flattening and splintering occurred to the diamond grits with a higher protruded 

height. The wear led to the decrease of protruded height of diamond grains. Then, 

the actual cutting depth for the individual grit would decrease, so the material 

removal mode was dependent on the depth of cut and the diamond grits wear 

simultaneously.  

The same mechanism, as shown in Figure 3.16(a), could also help to explain 

the grit dislodgement wear mode of the diamond wheel. Furthermore, the impact 

and friction effect from the hard particles in the workpiece materials would cause 

the surface splintering and flattening of diamond grits at the elevated grinding 

temperature. Therefore, the surface profile transferred to be smooth again after 

the WC crush stage as the friction and extrusion effects rose, attributed to the grit 

flattening and splintering. 
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Figure 6.5 (a) and (b) SEM surface morphology of the diamond grits of 1500# 

wheel after grinding; (c) surface profile of the diamond grits after creep-plunge 

grinding measured by ZYGO 

6.3.4 Parallel grinding 

Figure 6.6(a) and Figure 6.6(b) shows the sharp edge profile of the diamond 

wheel obtained by truing and dressing with the diamond nib and Al2O3 stick. In 

addition, the diamond grits protruded out of the resin bond, as shown in Figure 

6.6(c). The original workpiece surface was firstly ground to be a flat under the 

machining parameters (grinding depth: 0.5 μm，feed rate: 0.5 mm/min). As is 

known, the diamond wheel wear and surface damage of the workpiece will be 

induced during this stage. Therefore, a re-truing and dressing process was 

performed, and 10 passes of grinding were conducted to eliminate the impact of 
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previous surface defects.  

 

Figure 6.6 The grinding edge profile of the 1500# diamond wheel: (a), (b) and (c) 

after dressing measured by SEM; (d), (e) and (f) after grinding WC/Co measured 

by SEM 

However, the wear of this sharp edge still occurred after the grinding of 

WC/Co and RB-SiC/Si carbides with the grinding parameters listed in Table 4.3, 

as shown in Figure 6.6(d). Specifically, the grinding width of the diamond wheel 

which was responsible for the surface formation was around 150 μm measured 

by SEM after grinding, as illustrated in Figure 6.6(e), and splintering of the 

diamond grits appeared on the cutting edge, which can be seen from Figure 6.6(f). 

Furthermore, it can be readily seen that the protruded heights of the diamond 

grits are not uniform, as shown in Figure 6.7. Removal of the resin bond around 

the diamond grits would also promote the dislodgement of grits if the protrusion 

height became greater than half of the grit diameter.  
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Figure 6.7 Surface topography and cross-sectional profile of the worn wheel edge 

after grinding 

6.3.5 Power spectrum analysis 

Figure 6.8 shows the surface profile of workpiece after grinding under 

various feed rate, as summarized in Table 4.1. It can be easily found that the 

average amplitude ( H) of surface height profile machined at the feed rate of 5 

mm/min, 3 mm/min, 1 mm/min, 0.5 mm/min, 0.1 mm/min was around 1.2 μm, 

0.6 μm, 0.4 μm, 0.25 μm and 0.2 μm, respectively. It can be readily found that 

gradual improvement of the surface finish was achieved with the decrease of 

feed rate to be 0.5 mm/min, and the surface profile height varied at the different 

radial position of the same workpiece. More specifically, the surface fluctuation 

dropped with the decrease of radial distance from center for all workpieces. This 

is consistent with the average surface roughness Ra, as shown in Figure 4.11. 
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Figure 6.8 Surface profiles of the machined RB-SiC/Si at various feed rate: (a) 5 

mm/min; (b) 3 mm/min; (c) 1 mm/min; (d) 0.5 mm/min; (e) 0.1 mm/min 

To analyze the surface characteristics, the Fast Fourier Transformation (FFT) 

based Matlab program was used to process the obtained cross-sectional profile 

data collected by Talysurf 1240, and the results are shown in Figure 6.9. It can be 

readily found that the feed component to the spatial frequency is quite obvious 

for the surface machined at a higher feed rate (>3 mm/min), which is given as 

follows: 

r
f f

V
1

                          (6-1) 

where Vf is the feed component to spatial frequency, fr is the feed per revolution 

(mm). However, with the decrease of feed rate, cluster spatial frequency formed 

around 25 1/mm. This could be explained by comparing the size of diamond grits 
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(dg) with the feed per revolution (fr). The mean diameter of diamond grits of the 

325# diamond wheel could be estimated to be around 31.7 μm by the following 

equation (Hou and Komanduri, 2003): 

18.19.28  gdg                         (6-2) 

where dg is the mean grain diameter (μm) and g is the grain size (#).  

 

Figure 6.9 Spectrum analysis for the surface profile shown in Figure 6.8 

As I have described in Chapter 4 (Part 4.5.3), the spatial frequency of 

grinding surface is different from single point diamond turning, taking into the 
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macro wheel wear into consideration. Therefore, the power spectra frequency 

should be investigated in micro scale. When fr is greater or roughly equal to dg, as 

shown in Figure 6.10(a), the typical spatial frequency for feed component is 

determined by the feed of diamond grits. However, when fr becomes obviously 

smaller than dg, as shown in Figure 6.10(b), the micro surface topography of 

diamond grits plays a dominant role on the surface generation (Zhang et al., 

2015).  

It can be easily seen that obvious pits formed on the surface of grinding 

wheel caused by the shedding of grain, as shown in Figure 6.11, which was 

attributed to the dynamic grinding force and the bond wear. For the grains 

remained, the surface was mainly composed of worn stripes on the flatten surface 

along the grinding direction. Besides, there was some protruding diamond sharp 

edges remained at the end of the grit in the direction of feed, which was caused 

by the grain splintering. Considering the random splintering and grooving wear 

of the diamond grits of various protrusion heights, as well as the stochastic 

surface fracture and micro-pits of workpiece after grinding, which is shown in 

Figure 6.11 and Figure 4.7, respectively, the spatial frequency of the 

cross-sectional profile of machined surface appears cluster peaks. Moreover, that 

the power spectra density of the feed component decreased as the feed rate 

dropped was attributed to the random splintering of diamond grits, leading to the 

typical spatial frequency of the machined surface moving to ~ 25 1/mm. 
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Figure 6.10 Illustration of the tool feed component of single diamond grit 

 

Figure 6.11 (a) Surface topography of the worn wheel; (b) cross sectional profile 

of the worn wheel edge 

At the nanoscale surface generation, the wavy cross-sectional profile 

reached much less than the grit size. This could only be accounted by the micro 

diamond grain wear in smaller scale rather than the wheel profile wear. The 

schematic illustration is shown in Figure 6.12. As the flattening and splintering 

occurred on the grits surface, the sharp edge formed and it would be replicated to 

the workpiece surface, just like the single point diamond cutting, where the 

theoretical peak-to-valley surface roughness Rt could be calculated based on Eq. 

(6-3):  

R

f
R pr

t 


8

2

                           (6-3) 
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where Rt is the single point tool radius. Taking into account of the rapid wear of 

diamond grit during grinding of hard and brittle materials and also the small 

measuring scale, one problem accompanied was the difficulty to measure the 

morphology of abrasive grains due to the stochastic distribution and random 

splintering of the grit surface. The feed rate per revolution fr (μm/r) is 

represented by Eq. (6-4):  

w
r n

F
f

1000
                           (6-4) 

For rough grinding, fr was calculated to be about 41.67 μm/r, 25 μm/r, 8.33 

μm/r, 4.17 μm/r, 0.83 μm/r. As fr became much less than the diameter of abrasive 

grits dg (31.7 μm), the ideal cross-sectional profile of grinding surface should be 

determined on the abrasive morphology of the diamond grits, especially the 

maximum protruded one. Considering the random protruded heights and finer 

machining parameters, the cluster of spatial frequency could be well explained. 

 

Figure 6.12 Schematic of the interaction between the workpiece and diamond grit 

to illustrate the surface generation process 
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6.3.6 Effects of macro wheel wear on surface profile 

Figure 6.13(a) and Figure 6.13(c) shows the 3D center surface topography, 

while Figure 6.13(b) and Figure 6.13(d) describe the cross-sectional profile of 

the machined surface at the two chosen grinding parameters. It can be seen that a 

salient core appeared at the center, and the wheel feed induced grooves were 

much more evident at 3 mm/min than 0.1 mm/min. In addition, there was a 

certain conical height of residual material remained for both workpiece, which 

was attributed to the position error in previous reports of grinding spherical and 

aspherical surfaces (Chen et al., 2013; Guo et al., 2014). Moreover, a dent 

occurred just next to the salient core.  

 

Figure 6.13 3D topography and cross-sectional profile height of the machined 

surface at different feed rate: (a) and (b) for 3 mm/min; (c) and (d) for 0.1 mm/min 
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To illustrate the generation of center profile, it is quite necessary to know 

the distribution of grinding points, that is, the interaction points between the 

diamond grits and workpiece surface. As had been reported by Chen et al (2005), 

the diamond grit with maximum cutting depth played a determined role on the 

surface profile. If the random distribution of diamond grits in wheel, the 

vibration caused by the unbalance of wheel and the profile deviation caused by 

wheel wear are considered, the high spindle speed grinding process could be 

compared to be the raster milling process as the diamond grits participate in 

material removal non-continuously (Chen et al., 2015), and it was found to be an 

effective method to predict the grinding force using the micro-milling analogy 

(Aslan and Budak, 2014). To illustrate the surface generation mechanism, the 

distribution and position of cutting points could be determined by Eq. (6-5) to Eq. 

(6-8), and the schematic illustration of the analogy is shown in Figure 6.14. 
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where (xi, yi) is the coordinate position in X-Y system, ns is the rotation speed of 

grinding wheel (RPM), nw is the rotation speed of workpiece (RPM), f is the feed 

rate, R is the radius of workpiece, r is the radius of grinding position, t is the time 
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per rotation of wheel (
sn

t
1

 ), T is the total time for one grinding pass (
f

R
T  ), 

N is the total grinding points (
t

T
N  ), i is the ith grinding point, ω is the angular 

velocity of the workpiece and D is the distance of two neighbouring grinding 

points on the workpiece.  

 

Figure 6.14 Schematic illustration of the analogical grinding process  

The simulated results at the two different feed rate are shown in Figure 6.15. 

Obvious helical tool path was generated at the feed rate of 3 mm/min, while the 

high density of grinding points resulted in the non-clear separated feed marks at 

0.1 mm/min in the selected area (600×600 μm). Besides, swirling distribution of 

grinding points could be found at the feed rate of 0.1 mm/min, which was 

attributed to the phase shift between the rotations of diamond wheel and 

workpiece. 
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Figure 6.15 Helical tool path and distribution of grinding points on the machined 

surface: (a) for 3 mm/min; (b) for 0.1 mm/min 

Considering the shape and high rotation speed of diamond grinding wheel, 

the smaller radial distance from center meant that the cutting points between the 

same space interval was more, which was indicated by the density of blue solid 

point in Figure 6.15. That is, the overlapping ratio for the grinding points also 

become higher with the decreasing radial distance from the edge to the center of 

the workpiece, resulting in the decrease of residual height (hr). Therefore, the 

diamond grits with the maximum protruded height participated in the material 

removal at each point, resulting in the concave shape near center. In addition, the 
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combining effect of relative tool-workpiece vibration also contributed to the 

formation of the dent at center. 

Figure 6.16(a) and Figure 6.16(b) shows the edge profile of diamond wheel 

after truing and grinding measured by the on-machine optical CCD. It could be 

easily found that the sharp edge loss of the grinding wheel appeared as the macro 

wheel wear. More specifically, profile deviation occurred along the parallel feed 

direction, as shown in Figure 6.16(c) and Figure 6.16(d). During the installation 

and adjustment of workpiece and grinding wheel, the wheel apex was firstly in 

contact with the workpiece surface. In the previous studies, it was found that the 

center profile of machined surface was affected by several error sources 

inevitably, such as the tool and workpiece setting error and position error (Huang 

et al., 2007; Hwang et al., 2006; Brinksmeier et al., 2011). In the present work, it 

was believed that the profile deviation in the flattening edge of the diamond 

wheel also contributed to the residual material at the core of the workpiece, 

which resulted in the inclined center slope, as shown in Figure 6.13. The 

interaction between the worn wheel and workpiece surface is illustrated in Figure 

6.17. Due to the random fracture induced profile deviation of the wheel edge, the 

residual height profile also varied, resulting in the different residual center profile 

at various processing parameters. 
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Figure 6.16 (a) Wheel profile after truing measured by the on-machine optical 

CCD; (b) macro wheel wear after grinding measured by the on-machine optical 

CCD; (c) and (d) macro wheel wear after grinding measured by optical 

microscope and SEM 

 

Figure 6.17 Illustration of the impact of wheel wear and errors on the workpiece 

profile at center 
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6.4 Ultra-precision grinding of functional surface  

Due to the great high temperature mechanical properties and excellent 

tribological behavior (Huang et al., 2011), TiC based cermet is now widely 

utilized and investigated. To improve the toughness of bulk materials, Ni/Co was 

always added as binder (Kim et al., 2003). Moreover, Guo et al (Guo et al., 2014) 

reported that the relative lower density also made it a promising material in 

aeronautics and astronautics. Considering the machinability, Huang et al (Huang 

et al., 2011) proposed that TiC based cermet was superior to traditional ceramics, 

such as SiC and Si3N4. Nevertheless, there is still great challenge to achieve 

nanometric surface finish by ultra-precision technologies for its complex 

compositions which are of different mechanical properties (Kim et al., 2003). 

Furthermore, the experimental results in the above parts showed that the surface 

finish under the same machining parameters was better for binderless WC than 

WC/Co. Therefore, the functional surfaces are machined by ultra-precision 

diamond grinding with sharp edge wheel on these two materials.  

In this part, the sharp edge on the used diamond wheel is firstly obtained 

with two different methods which is introduced in the related part. Based on the 

above fundamental analysis of the surface generation mechanism during 

diamond grinding of faces, two functional surface was designed and machined 

with the achieved sharp edge on diamond wheel after appropriate truing and 

dressing.  
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6.4.1 Selection of grinding parameters 

To achieve better surface finish, the residual height (h) induced by rough 

tool feed should be removed by the following finer process. So the number of 

passes (N) for the following finer parameters could be determined. As shown in 

Figure 6.18, there are two situation of the residual height (h), as follows:  

eah  ,  er af 2                             (6-9) 
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 Figure 6.18 Cross sectional profile of the machined surface in micro-scale 

where h is the residual height, ae is the depth of grinding, fr is the feed per 

revolution (μm/r), and F is the feed rate (mm/min). Therefore, the number of 

passes (N) for the following processing parameters could be determined by Eq. 

(6-11): 
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where N is the number of passes of the following finer processing parameters, ae-f 

is the depth of grinding for the following finer parameters. In the present work, 

the chosen feed rate and depth of grinding all could meet the condition indicated 

by Figure 6.18(b). Therefore, the number of passes (N) needed to remove the 
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residual height for the following finer processing parameters (with the grinding 

depth of ae-f) could be deduced:  

                               (6-12) 

Ductile material removal mode is a prerequisite to achieve nanometric 

surface finish. The maximum uncut chip thickness hmax is regarded as a 

significant indication of the machining mechanism (Malkin and Guo, 2008a), 

and it was expressed as Eq. (6-13): 
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where hmax is the maximum uncut chip thickness, C is the grain number per unit 

area, L and B are lateral and longitudinal distance between two adjacent grains, r 

is the chip width-to-thickness ratio, vw is the workpiece speed, vs is the wheel 

speed, ae is the grinding depth, and de is the wheel diameter. It could be easily 

found that hmax is closely related to the concentration of diamond grit (C). As can 

be seen from Figure 6.19, the residual height Hg between two successive grits 

was also dependent on the lateral distance L of the two neighboring grits which is 

inversely proportional to the volume fraction of diamond grits in wheel (v) 

(Esmaeilzare et al., 2014), indicated by Eq. (6-14):  
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RRH g                         (6-14) 

where Hg is the residual height by two successive grits, and R is the rotating 

radius of the diamond grits. Therefore, to improve the surface finish, the choice 
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of a wheel with higher diamond concentration could be a good solution.  

 

Figure 6.19 Illustration of the influence of volume concentration of diamond grits 

6.4.2 Ultra-precision grinding of hemispherical surface 

The schematic illustration of the designed hemisphere surface plotted by a 

Matlab program is shown in Figure 6.20, with a partial enlarged view. Based on 

the previous analysis, the diameter of the grinding wheel was chosen to be 8 mm 

to avoid the interference between the tool and workpiece (Guo et al., 2014), as 

well as to assure the linear speed of the cutting points. As shown in Figure 6.21, 

wheel normal grinding, in which the sharp edge of the wheel was kept to be 

normal to the machined surface all the time, was utilized to machine the 

hemisphere couples, and Brinksmeier et al (2010) and Tohme (2007) both 

pointed out that this method could prevent the transfer of wheel error to the 

machined spherical surface. 
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Figure 6.20 The designed 3D surface of the hemispherical surface (plotted 

by Matlab) 

 

Figure 6.21 Schematic illustration of the grinding process: (a) for convex 

hemisphere; (b) for concave hemisphere 

In this study, the generated tool path points I(Xi, Zi) was an ideal spherical 

circle with a constant radius (Rc=7.5 mm). If the wheel wear is considered to be 

uniform and the actual profile is assumed to keep constant during the same pass, 

the actual grinding path points A(Xi’,Zi’) for hemisphere couples will deviate 

from it with a value of Δr in radius, which is shown in Figure 6.22. Therefore, 

the truing of wheel and tool path compensation are quite necessary during the 

machining process. 
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Figure 6.22 Illustration of the impact of wheel wear on the form  

Chen et al (2015) has shown that fine grit diamond wheel could be precisely 

trued by a green silicon carbide (GC) rod efficiently and cost-effectively, so it 

was utilized in the present work. The schematic illustration of the truing 

methodology is illustrated in Figure 6.23, and the detail truing and machining 

parameters are listed in Table 6.2 and Table 6.3. After truing and dressing by the 

silicon carbide rod under the chosen parameters, the sharp edge could be 

achieved compared with the worn profile of the grinding wheel, which is shown 

in Figure 6.24. The surface morphology of the diamond wheel also indicates that 

the diamond grits protruded out of the resin bond, and it could well be engaged 

in cutting process to ensure the efficient material removal. 
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Figure 6.23 Illustration of the wheel truing and dressing process for cylindrical 

surface (Green) and end surface (Red) 

 

Figure 6.24 On-machine measurement of the wheel profile by optical CCD and 

SEM: (a) wheel profile after truing; (b) wheel profile after grinding; (c) SEM 

image of the edge profile engaged in machining and (d) SEM morphology of the 

diamond grits of the 75% 2000# diamond wheel 
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Table 6.2 Detail grinding and truing parameters for rough machining 

Grinding 220# diamond wheel diam. 8 mm, resin bonded 

 Concentration 75% 

 Wheel RPM ns (rpm) 50,000 

 Workpiece RPM nw (rpm) 120 

 Feed rate f (mm/min) 5 

 Depth of grinding ae (μm/pass) 10 

Truing Truer Green SiC stick 

 Feed rate (mm/min) 0.5 

 Depth of truing (μm/pass) 25 

 Truer RPM (rpm) 500 

 Wheel RPM (rpm) 3000 

Coolant CLAIRSOL 350 MQL 

Table 6.3 Detail grinding and truing parameters for fine machining 

Grinding 2000# diamond wheel diam. 8 mm, resin bonded 

 Concentration 75% or 100% 

 Wheel RPM ns (rpm) 50,000 

 Workpiece RPM nw (rpm) 120 

 Feed rate f (mm/min) 1-0.5-0.1 

 Depth of grinding ae (μm/pass) 1-0.5-0.1 

Truing Truer Green SiC stick 

 Feed rate (mm/min) 0.5 

 Depth of truing (μm/pass) 2 

 Truer RPM (rpm) 200 

 Wheel RPM (rpm) 3000 

Coolant CLAIRSOL 350 MQL  

After fine grinding, the measured surface topography of the machined 

convex hemisphere surface is shown in Figure 6.25. The results showed that the 

surface roughness (Ra) achieved by the 75% 2000# diamond wheel was about 13 

nm. In comparison, smoother surface could be produced by the 100% 2000# 

diamond wheel, with Ra to be around 9 nm. Besides, obvious grinding grooves 

could be found, which was induced by the feed of grinding wheel along the 

radius direction, as well as the relative tool-workpiece vibration (Li et al., 2006).  
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Figure 6.25 Surface topography of the machined convex hemisphere surface: (a) 

and (b) machined by 75% 2000# wheel at the middle point of the grinding path; (c) 

and (d) machined by 100% 2000# wheel at the middle point of the grinding path 

On-machine measurement of the hemisphere couples was also conducted. 

Due to the large radius of curvature and the center bore, only a small part of the 

workpiece was measured by this method. It could worked as a reference for the 

tool path compensation. One measuring result for the machined concave 

hemispherical surface is shown in Figure 6.26, with the X and Z axis moved in a 

range of ~2.5 mm and ~1.5 mm, respectively. The measured result of the form 

accuracy (Error PV) by the on-machine probe reached 0.684 μm. However, the 

best-fitted radius was only about 7.47 mm, about 30 μm less than the 
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programmed radius (7.5 mm) for the convex hemisphere. This was attributed to 

the loss of wheel sharp edge, as illustrated in Figure 6.23(b) (Malkin and Guo, 

2008a).  

 

Figure 6.26 On machine measured form accuracy of the machined concave 

hemisphere 

Based on this measurement, a new compensated tool path was generated. 

Simultaneously, the worn 2000# wheel was redressed and trued before the next 

fine grinding flow was conducted. Moreover, various error sources, including 

quasi-static and dynamic errors, would also contribute to the worsen form 

accuracy (Chen et al., 2013; Hwang et al., 2006; Brinksmeier et al., 2011). 

Therefore, except for the wheel wear induced profile error, compensation for the 

residual error should be performed. A flow chart to illustrate the grinding 

protocol is shown in Figure 6.27. 
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Figure 6.27 A flow chart to illustrate the grinding protocol 

By comparing the form of two convex hemispheres with and without wheel 

wear compensation, as shown in Figure 6.28, it could be easily seen that the 

radius could reach 7.5016 mm after wheel wear compensation, while ~7.5369 

mm without wheel wear compensation. Ignoring the surface cracks, grain 

dislodgement and reliefs generated, mirror surface could be achieved on TiC 

based cermet under the selected processing condtions, which is shown in Figure 
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6.29. 

 

Figure 6.28 Surface profile measured by Alicona: (a) with wheel wear 

compensation; (b) without wheel wear compensation 

 

Figure 6.29 Photograph of the machined hemisphere couples on TN85 cermet 
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6.4.3 Ultra-precision grinding of “Water-drop” surface 

Figure 6.30 shows the designed ‘Water-drop’ surface. To prevent the 

interference between the Ф20 diamond wheel and the workpiece, the 

cross-sectional profile was designed and could be described by Eq. (6-16) to 

(6-18): 

xez 1.0
1 05.0                                (6-16) 

 )
10

4
cos(2

x
z





                             (6-17) 







 

 

10

4
cos05.0 1.0

21

x
ezzz x 

             (6-18) 

 

Figure 6.30 (a) Cross-sectional profile and (b) the 3D surface of the designed 

“Water-drop” surface (plotted by a Matlab program) 

Detail wheel truing/dressing and machining parameters are listed in Table 

6.4. To achieve a sharp edge on the 1500# diamond wheel, a diamond nib was 

firstly used to true it, and then the Al2O3 stick was applied to dress the edge to 

obtain an arc shape. Illustration of the truing and dressing process is shown in 

Figure 6.31. The obtained sharp edge of 1500# diamond wheel is measured by 
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the on-machine optical CCD, which is shown in Figure 6.32(a). Similar to the 

machining of hemisphere surface, the rapid loss of sharp edge also appeared 

during the grinding of ‘Water-drop’ surface, as shown in Figure 6.32(b). 

Therefore, compensation of the tool path is of great necessity. 

Table 6.4 Detail grinding and truing parameters of the designed ‘Water-drop’ 

surface 

Grinding 1500# diamond wheel diam. 20 mm, resin bonded 

 Concentration 100% 

 Wheel RPM ns (rpm) 20,000 

 Workpiece RPM nw (rpm) 120 

 Feed rate f (mm/min) 3-0.5-0.1 

 Depth of grinding ae (μm/pass) 2-0.5-0.1 

Dressing  Diamond nib/Al2O3 stick 

 Feed rate (mm/min) 0.5 

 Depth of truing (μm/pass) 5 

 Truer RPM (rpm) 300 

 Wheel RPM (rpm) 2000 

Coolant CLAIRSOL 350 MQL 

 

Figure 6.31 Truing and dressing of 1500# diamond wheel: (a) truing by the 

diamond nib; (b) dressing by the Al2O3 stick 
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Figure 6.32 The measured edge profile of the 1500# diamond wheel after dressing 

and fine grinding: (a) after dressing; (b) after fine grinding 

Furthermore, the on-machine measurement of the machined surface was 

performed to obtain more perfect surface. Specifically, with the obtained form 

error data by the on-machine LVDT probe, compensation of the tool path was 

performed, and a new tool path could be generated. Figure 6.33 shows the form 

accuracy of the machined ‘Water-drop’ surface before and after compensation. It 

can be seen that the form accuracy achieved 1.4 μm in a measuring range of 20 

mm before compensation, while it reached 0.64 μm after compensation. 

 

Figure 6.33 Form accuracy of the machined ‘Water-drop’ surface: (a) before and (b) 

after compensation 

The flow chart of the grinding methodology for “Water-drop” surface is 

shown in Figure 6.34. Similar to the wheel normal grinding of hemisphere 
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couples, the machining process is divided into three stages: rough grinding, fine 

grinding and ultra-fine grinding, which is aimed to enhance the grinding 

efficiency. 

Start

Tool path generation

Wheel truing/dressing

On machine 
measurement of the 

ground surface

Is accuracy OK?

End

Yes

Wheel measurement

No

Wheel wear?

Wheel truing/dressing

Tool path compensation

No

Yes

Rough grinding by 
1500# diamond wheel 

(3 mm/min, 2μm)

Fine grinding by 1500# 
diamond wheel (0.5 
mm/min, 0.5μm)

Ultra-fine grinding by 
1500# diamond wheel 
(0.1 mm/min, 0.1μm)

 

Figure 6.34 A flow chart to illustrate the grinding protocol of ‘Water-drop’ surface 

As shown in Figure 6.35, the surface topography of the machined 

“Water-drop” surface indicates that the surface roughness (Ra) reaches 6 nm.  

Comparing with the designed cross-sectional profile, the obtained profile 
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deviated from it mainly at center, which is attributed to the combining effects of 

vibration, higher overlapping time and error sources. 

 

Figure 6.35 (a) Cross-sectional profile; (b) 3D surface topography of the machined 

‘Water-drop’ surface; (c) and (d) surface topography and roughness after the 

best-fit form removal of an area 2.5 mm from the workpiece center; (e) and (f) 

surface topography and roughness after best-fit form removal of an area 5 mm 

from the workpiece center 
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6.5 Summary 

Ultra-precision grinding is now regarded as one of the most appropriate 

methods to machine hard and brittle materials. Nevertheless, the wear of 

diamond grinding wheel is inevitable. Therefore, the wear mechanism and its 

impact on the surface generation was studied and analyzed. Moreover, the wide 

application of functional surface prompts the current research in this Chapter. 

Based on the preliminary works, the following conclusions could be reached: 

(1) Micro wheel wear appeared in form of grits splintering, flattening, grain 

dislodgement and oxidation. The diamond indenter wear appeared in form of 

splintering, and oxidation occurred for the friction points. The generated 

non-uniform sharp edges had great impact on the surface generation where 

various cutting depths were induced for the same scratching process. In addition, 

the generated flattening surface of diamond grits contributed to the surface 

smooth during plunge grinding. Power spectrum analysis of the machined 

surface profile showed that the random splintering of the diamond grits removed 

the specific spatial frequency of the tool feed, as the feed rate became obviously 

less than the diameter of diamond grits. 

(2) For ultra-precision diamond grinding with a sharp edge wheel, macro 

wheel wear occurred mainly in the form of rapid loss of sharp edge. It 

contributed to the generation of a salient core during face grinding and the size 

deviation during the machining of hemispherical surface and ‘Water-drop’ 
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surface. 

(3) Two appropriate truing and dressing methods were proposed to obtain 

sharp edges on different diamond wheels. Green silicon carbide stick was used to 

true the Ф8 mm wheel to achieve 90°angle edge, while a combination of 

diamond nib and Al2O3 stick had been successfully utilized to get a 60°angle 

edge on the Ф20 mm diamond wheel.  

(4) With the prepared diamond wheels, two types of functional surface, 

hemispherical couples and ‘Water-drop’ surface, were machined. The results 

showed that with the proposed grinding protocol, the form accuracy and surface 

finish could reach 0.28 μm, 9 nm for the Ф15 mm hemisphere couples and 0.64 

μm, 6 nm for the Ф20 mm ‘Water-drop’ surface.  
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Chapter 7 Conclusions and suggestions 

for future work 

7.1 Overall conclusions 

Ultra-precision grinding technology has been widely employed to machine 

hard and brittle materials, including ceramics, glasses, composites, etc. The main 

aim is to manufacture parts of good surface integrity and high form accuracy. 

This is not only dependent on the machine tools, but also on the machining 

parameters, mechanical properties and microstructure of the workpiece materials, 

as well as the state of the grinding wheel.  

Therefore, a complex and systematic investigation on the surface damage 

mechanism and surface generation of typical engineering carbides under 

ultra-precision grinding is of great significance. Moreover, ultra-precision 

grinding of a functional surface is also attracting more attention worldwide for 

the increasing demand in the optical, electronic, nuclear and automation fields. 

Therefore, these issues are investigated in the present research, and the key 

issues of this study are: (a) identification of the new surface damage induced by 

the high spindle speed grinding process by various characterization and 

measurement methods, (b) study of the surface characteristics of typical 

engineering carbides under ultra-precision grinding with a sharp edge wheel, 

including the generation of micro-pits, non-uniform surface finish, impact of 
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vibration, and simulation based on empirical model, (c) to investigate the role of 

material microstructure on the surface generation, and (d) to determine the 

diamond wheel wear mechanism and the effects on the surface characteristics 

and form accuracy. 

A series of experiments and characterizations have been conducted to 

investigate the surface generation and damage mechanism of typical engineering 

carbides under ultra-precision grinding with the assistance of numerical analysis 

based on empirical models. The major findings are summarized as follows: 

(1) Due to the great difference in the mechanical properties of WC/Co and 

RB-SiC/Si, the material removal mechanism under diamond scratching shows 

obvious disparities. Three different material removal stages exist for WC/Co and 

RB-SiC/Si: ductile scratching, chips formation and serious plowing for WC/Co, 

with ductile scratching, discontinuous fracture and bulk material pulverization 

for RB-SiC. Moreover, the phase boundaries are the fragile points in WC/Co and 

RB-SiC/Si, where grain dislodgement of the WC grains and evident edge 

chipping for RB-SiC/Si appeared, and is closely related to the material 

brittleness. 

(2) Plunge grinding of WC/Co and RB-SiC/Si carbides showed that an 

increasing depth of cut seriously deteriorated the surface integrity, and the 

surface generation mechanism clearly differed between WC/Co and RB-SiC/Si 

composites. Specifically, the WC/Co composite exhibits three stages of material 
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removal: ductile removal, grain dislodgement and WC particles crush, while 

ductile removal, phase boundaries cracking (along the grinding direction) and 

surface fragmentation occur for RB-SiC/Si. The mechanic for the grain 

dislodgement of WC/Co and RB-SiC/Si is different, and a geometrical model 

was built for illustration. 

(3) Amorphization occurred for the SiC and Si phases in the surface layer, 

identified by X ray diffraction, and the metamorphic degree on the machined 

surface increased with the decrease of feed rate. The degree of crystallinity for 

WC after grinding also dropped, and preferred growth of WC(100) appeared 

after grinding. In the presence of C segregation on the SiC surface and at the 

SiC/Si phase boundaries, the surface damage mechanism changed from surface 

fracture to random distributed micro-pits under the stochastic interaction of the 

diamond grits with decreasing feed rate. For WC/Co, the machined surface was 

characterized by plastic scratching grooves, Co extrusion, WC dislodgement and 

a deformed surface layer. 

(4) Non-uniform surface finish resulted from the varied material removal 

rate for a certain workpiece. The surface roughness increased with increasing 

radial distance from the workpiece center for both WC/Co and RB-SiC/Si 

carbides. The trend corresponded to the simulation results based on Soneys’ 

model, but with slight disparity. Relative tool-workpiece vibration on the 

grinding surface was identified, and different spatial frequencies were analyzed. 
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Considering the random distribution and the diameter of the diamond grits in the 

wheel, the tool feed component during grinding differed with single point 

diamond turning (SPDT). 

(5) The existence of the Co binder in WC/Co and free Si in RB-SiC/Si lead 

to the great deviation of the measured elastic modulus and hardness for both 

WC/Co and RB-SiC/Si. Non-uniform material removal rate resulted from the 

different hardness of the composed phases (Si and SiC, Co and WC), leading to 

the generation of surface relief during high spindle speed grinding (HSSG). 

Further, the difference in plastic deformation of the hard particle and binder 

phase under the same load resulted in a stress concentration state at the indenter 

sharp edge, where cracks were initiated. Moreover, surface projections form for 

both WC/Co and RB-SiC/Si, which is attributed to the extrusion of Co and the 

phase transformation induced volume change of Si, respectively. 

(6) The diamond wheel wear mechanism involves macro wheel wear (rapid 

loss of sharp edge) and micro wheel wear (grit splintering, flattening, grain 

dislodgement). The generated non-uniform sharp edges have great impact on the 

surface generation where varied cutting depths were induced in the same 

scratching process. In addition, the generated flattening surface of the diamond 

grits contributed to the surface smoothness during plunge grinding. Power 

spectrum analysis of the machined surface profile shows that the random 

splintering of the diamond grits removed the specific spatial frequency of the 
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tool feed at a finer feed rate, while the main impact of macro wheel wear is the 

surface profile deviation from the designed surface, which contributed to the 

generation of a salient core during face grinding and the size deviation during the 

machining of hemispherical surfaces and ‘Water-drop’ surface. 

(7) With the well prepared diamond wheel by the proposed methods, two 

types of functional surface, hemispherical couples and ‘Water-drop’ surface, 

were machined. The results showed that with the proposed grinding protocol, the 

form accuracy and surface finish could reach 0.28 μm (PV), 9 nm (Ra) for the 

Ф15 mm TiC-based cermet hemisphere couples and 0.64 μm (PV), 6 nm (Ra) for 

the Ф20 mm ‘Water-drop’ surface on binderless WC. 

7.2 Suggestions for future work 

The ultimate objective for ultra-precision grinding of hard and brittle 

materials is to efficiently obtain functional surfaces, including flat, spherical, 

aspherical, structural and freeform surfaces, for specific application. Generally, 

good surface finish and high form accuracy are the two prerequisites to meet the 

requirements of these devices. Therefore, ductile material removal is proposed 

and widely investigated to achieve better surface finish, which is determined by 

the combined effects of the machining parameters, material microstructure, 

wheel states, machine tools, coolants and environments. In addition, subsurface 

damage, especially when detected, plays a dominant role on the properties and 
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life of the device, deserving much more attention from researchers and 

manufacturers. To solve these problems encountered, the first step is to try to 

understand it. Therefore, a good comprehension of the surface generation and 

damage mechanism of hard and brittle materials under ultra-precision grinding is 

very meaningful. For future work, the following suggestions are proposed: 

Measurements and 
Characterization

In-position 
measurment

Off-position 
measurement

Characterization

Kistler force sensor, 
Optical CCD, On-

machine measuring 
probe

Zygo nexview, Wyko 
NT8000, Talysurf 

1240, Nano-
indentation 

SEM, OM, TEM, 
XRD, Raman, EDS, 

EBSD, XPS, FIB

 

Figure 7.1 A proposed measurement and characterization scheme 

(1) In-position measurement and online monitoring of the machining 

process should be utilized and realized. During ultra-precision grinding, diamond 

wheel wear and the impact of errors are inevitable. A combination of in-position 

and off-position measurement and characterization of both the machined surface 

and wheel state is of great significance in achieving high form accuracy and good 

surface finish. Moreover, the online measurement of the grinding force and 

temperature could be key factors for the analysis of the machining induced 
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surface damage mechanism and can provide a feedback for the optimization of 

the machining parameters. After grinding, the machined surface is measured and 

characterized by various methods, and this can give a great feedback to improve 

the surface quality. Firstly, the machined surface will be examined by the 

in-position method, mainly including the force, temperature and vibration sensor, 

as well as on-machine contact measuring probe. Then, the surface profile will be 

measured by off-position methods, with the surface form accuracy and surface 

roughness as the main objectives. Nano-indentation should be conducted more 

systematically to investigate the mechanical properties of the machined surface. 

Finally, various developed instruments will be utilized to characterize the surface 

morphology, composition change, phase transformation, plastic deformation and 

subsurface crack. Details of the measurement and characterization methods are 

shown in Figure 7.1. 

(2) Further research work should be conducted to investigate the new 

machining induced surface damage mechanisms for hard and brittle materials. 

Even though some of the damage mechanisms of RB-SiC/Si and WC/Co 

carbides were investigated and new explanations were proposed in the present 

work, the theory could not be fully developed to deal with other materials. 

Combining modeling and simulation methods, such as molecular dynamics 

modelling (MD) and finite element modelling (FEM), the surface and subsurface 

damage mechanisms, like high pressure phase transformation, chemical reaction 
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and crack formation, can be explained and analyzed theoretically. Actually, there 

is still some controversy regarding the machining mechanism for SiC. In the 

following stage, ultra-precision grinding of brittle materials should be further 

performed to investigate the surface damage mechanism. This will focus on the 

surface plastic deformation and cracks induced by the interaction between the 

diamond grits and the workpiece surface. In addition, the dynamics of the 

dislocation and crack propogation mechanism should be considered. A detailed 

machining scheme for ultra-precision grinding of hard and brittle materials is 

proposed, as shown in Figure 7.2. 
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Figure 7.2 Detail machining scheme for future work 

(3) New functional surface design and tool path generation to machine 

novel surfaces. Based on the capacity of the machine tools, ultra-precision 

grinding of some new functional surfaces should be performed, and a novel 

grinding methodology could be utilized, combining with the servo systems. This 
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could be an effective way to solve the industrial challenges faced by grinding. In 

addition, high spindle speed grinding has good prospects as it can machine hard 

and brittle materials both efficiently and effectively. 

(4) Development of an on-machine dressing system and a more accurate 

tool setting system. On-machine dressing of the wheel should be developed for 

the present machine tool (Moore Nanotech UPL450). As a good example, the 

main problem during the machining of functional surfaces in this work is the 

repeated truing and dressing of the diamond wheel, with the workpiece being 

removed from the vacuum chuck and reinstalled. This makes the machining 

ineffective. In addition, the low resolution of the optical CCD makes the tool 

setting have greater error, which will obviously affect the form accuracy of 

complex surfaces.  

(5) Ultra-precision grinding of new types of hard and brittle materials. With 

the fast development of material science, some advanced materials with good 

mechanical properties and improved functions, such as composites, cermets, bulk 

metallic glasses and titanium alloys, are becoming extensively utilized, and with 

them, new challenges arise. Therefore, continuous improvement of the grinding 

process is necessary, and new surface generation and damage mechanisms should 

be investigated. 
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Appendices 

Appendix І Moore Nanotech 450UPL 

The Moore Nanotech 450UPL machine possessed by the State Key 

Laboratory of Ultra-precision Machining Technology (Partner Laboratory in The 

Hong Kong Polytechnic University) is a 4 axes (X, Z, B, C) ultra-precision 

machining system, equipped with an on-machine 3D measurement probe and an 

optical tool setting system. An illustration of the machine system is shown in 

Figure I-1.  

 

Figure І-1 Moore nanotech 450UPL machine: (a) External view, (b) internal 

structure 

It can be used to for both single point diamond turning (SPDT) and 

precision grinding with a high rotation speed grinding spindle (60K RPM PI ISO 

2.25) which is suitable for micro-grinding and milling applications. Based on the 
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operational manual and the company’s website, the main features of this system 

is summarized as follows: 

(1) The operating Windows system is PC based CNC motion controller, 

which is user friendly. And the programming resolution could reach 0.01 

nanometer (0.0004’’); 

(2) The linear scale feedback system resolution could achieve 34 picometer 

(0.034 nanometer) and it is thermally insensitive; 

(3) The base of the machine is made of monolithic epoxy-granite composite 

that provides superb thermal stability, as well as excellent damping 

characteristics; 

(4) Smooth, stiff, and well damped linear motions of the linear slides could 

be obtained by the box-way hydrostatic oil bearing slide ways; 

(5) For the linear motor drives, rapid cycle times and improved surface 

quality could be achieved, and only minimal maintenance is needed; 

(6) The workpiece spindle is PI air bearing work spindle (with liquid 

cooling option), with the exclusive 10,000 rpm “heavy-duty” property; 

(7) The Standard Swing Capacity reaches 18” (450 mm) diameter; 

(8) The travelling range of the X slide is 14” (350 mm) and Z slide is 12” 

(300 mm); 

(9) The equipped options, including rotary B-Axis, C-Axis positioning 

control of the work spindle, microgrinding and micro-milling attachments, 
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optical tool set station, spraymist coolant system, vacuum chuck, micro-height 

adjust tool holders, NanoCAM® 2D Aspheric Part Programming Software, 

on-machine measurement & Workpiece Error Compensation System (WECS), 

and air shower temperature control system, are optional. 

http://www.nanotechsys.com/machines/nanotech-450uplv2-ultra-precision-lathe-

1/ 
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Appendix II Zygo nexview 3D optical surface profiler 

Zygo nexview is a non-contact surface measuring system, and it could be 

used for the measurement of all surfaces, from very rough to super-smooth 

optical surfaces. And the achieved results of the examined surface could be 

surface roughness, flatness, large steps and steep slopes, with the accuracy 

achieving sub-nanometer and featuring heights ranging from sub-nanometer up 

to 20000 µm. An illustration of the setup is shown in Figure II-1. Its main 

features are summarized as follows: 

(1) No-compromise profiling: This measuring machine could be used for all 

types of surfaces, from rough to super smooth, including thin films, steep slopes, 

and large steps. Up to 85 degrees steep machined angles could be examined by 

this machine. All of the measuring results are displayed in 3D, which is of 

obvious advantages compared with other profiling technologies, such as stylus, 

confocal and focus scanning. 

(2) Gage capable performance: It is of exceptional precision and 

repeatability which could meet the requirements of the applications for most 

demanding production. The automated 200 mm integrated measurement stage is 

the epitome of clean and efficient industrial design. A ±4 degree high load tilt 

stage with parcentric correction is embedded in the workpiece stage, which 

makes the alignment of the measurement surface simple. 

(3) Vibration tolerance technology: The air flotation and vibration insulation 
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system could guarantee the robust operation in virtually any environment; 

(4) All new graphical workflow software: The operating and analyzing 

software is of more capability and simplicity with less training. The new MxTM 

software integrated powers the system control and data analysis completely, 

including rich interactive 3D maps, quantitative topography information, 

intuitive measurement navigation, and built in SPC with statistics, control 

charting, and pass/fail limits. 

(5) Streamlined design: no manual controls; capable of full automation. The 

Nexview profiler features a large work area with clear lines of sight to help make 

measurement setups and changeovers simple and quick. It can be fully automated 

with programmed sequences to measure multiple part segments, recipe based 

in-tray part measurements, or wide-area part stitching of larger surfaces into a 

single measurement.  

 

Figure II-1 Zygo nexview 3D optical surface profiler and the measured 3D 

convex ball surface by it 

http://www.zygo.com/?/met/profilers/nexview/ 
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Appendix III Hitachi Tabletop Microscope TM-3000 

SEM and JEOL Model JSM-6490 SEM 

Hitachi TM3000 is famous for its portability and ease of sample preparation, 

and it is a really tabletop SEM facility, as illustrated in Figure (a). In addition, it 

is lightweight with a diaphragm pump and a turbomolecular pump to obtain the 

required vacuum for characterization. The low side of the vacuum obtained 

makes it a semi-environmental SEM which is quite tolerant of moisture. This 

also make it a specialized SEM which uses mainly backscattered electrons to 

image (BSEM). This is called "charge reduction mode by Hitachi" and means 

that to prevent charging, that contaminants are tolerated to a greater degree in 

this particular SEM than the more expensive SEMs that operate in a higher 

vacuum environment. The main features of Hitachi TM3000 are listed as 

follows: 

(1) Accelerating voltage: 5 or 15 kV, tungsten source 

(2) Magnification: × 15 to × 30,000 

(3) 30 nm resolution 

(4) Backscattered detector only  

(5) Charge reduction mode (which uses higher chamber pressure) allows 

imaging of uncoated samples  

(6) Easy to use and portable 

However, the accessories of the present machine equipped in SKL (PolyU) 
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could not always meet the requirements of materials characterization, such EDS 

and EBSD analysis. Therefore, a much more expensive equipment provided with 

these functions is needed. JEOL Model JSM-6490 SEM, as shown in Figure III-1 

(b), is used in the present research. It is equipped with electron backscattered 

diffraction (EBSD) and X-ray analysis of elements down to boron with energy 

dispersive X-ray spectroscopy (EDX) detector, and the five-axis eucentric stage 

can accommodate a specimen of up to 6-inch in diameter. The imaging could be 

up to 300,000×with high resolution of 3 nm. 

 

Figure III-1 (a) The Hitachi TM3000 SEM, and (b) Jeol model JSM-6490 model 

SEM. 

http://www.microscopy.ou.edu/hitachi-3000.shtml 
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Appendix IV Rigaku SmartLab X-ray diffraction system 

As the most novel high resolution X ray diffractometer, the SmartLab has 

been widely used in the research field of material science. The system 

incorporates a high resolution θ/θ closed loop goniometer drive system, cross 

beam optics (CBO), an in-plane scattering arm, and an optional 9.0 kW rotating 

anode generator. Besides, the guidance software makes it easy to switch between 

hardware modes, ensuring that the hardware complexity is never holding back 

the research. Moreover, the system is suitable for the characterization of thin 

films, nanomaterials, powders, and liquids. Its main features includes:  

(1) Full automated alignment under computer control.  

(2) Optional in-plane diffraction arm for in-plane measurements without 

reconfiguration, and an example of the measuring results for Silicon in different 

mode is illustrated in Figure IV-2.  

(3) Focusing and parallel beam geometries without reconfiguration.  

(4) SAXS capabilities. 
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Figure IV-1 Rigaku SmartLab X-ray diffraction system 

 

Figure IV-2 An example of the measuring result for Silicon in different mode by 

Rigaku SmartLab X-ray diffraction system 

http://www.rigaku.com/en/products/xrd/smartlab 
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Appendix V Mitutoyo HM-200A Micro Vickers Indenter 

The Mitutoyo HM200 series, as shown in Figure V-1, are high specification 

micro hardness testers using load cell technology offering a load range of 0.01 kg 

to 2.0 kg setting. The new range of micro indentation systems offer long working 

distance objective lenses and digital XY stage integrated in the colour touch 

screen control.  

 

Figure V-1 HM-200A Micro vickers hardness tester (Mitutoyo) 

Its main features is summarized as follows: 

(1) Integral LCD Colour Monitor with touch screen operation. 

(2) Automatic turret with manual overide. 

(3) The machine uses the electromagnetic test force application principle. 

(4) Objective lenses with optimum working distance. 
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(5) Turret can be fitted with up to four objectives and 2 indenters 

(Knoop/Vickers). 

http://www.spectrographic.co.uk/shop/equipment/hardness-testing/mitutoyo-micr

o-hardness-tester-hm211/ 
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Appendix VI Park's XE-70 Atomic Force Microscope 

(AFM) 

Park’s XE-70, as shown in Figure VI-1, provides artifact free imaging with 

out of plane motion of less than 2 nm over the entire scan range and up to 25 μm 

Z-scan.  

 

Figure VI-1 Park's XE-70 atomic force microscope 

Its major features include: 

(1) XY scanner: resolution: smaller than 1.5 nm (closed-loop) and 0.01 nm 

(open-loop); 

(2) Z scanner: noise level is 0.02 nm (typical)/ 0.05 nm (maximum); 

(3) Pre-mounted diamond tip for nano-indentation and nano-lithography; 

(4) Scan range of XY-scanner: 5 nm, 50 nm, or 100 nm; 

(5) Working distance of Z-scanner: 12 nm or 25 nm. 

http://www.spectrographic.co.uk/shop/equipment/hardness-testing/mitutoyo-micr

o-hardness-tester-hm211/ 
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