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ABSTRACT 

Aluminium alloy (Al6061) is a common material used for reflective mirrors. It can 

be machined with a good surface finish by Single Point Diamond Turning (SPDT). As 

a high optical reflectance is needed for mirrors. Due to the material is relatively soft, it 

is difficult to apply post-processing such as ultra-precision lapping and ultra-precision 

polishing, as they may scratch the diamond turned surface. In addition, a recent study 

showed that the reflectance on a diamond turned aluminium alloy (Al6061) does not 

have a simple correlation with good surface finish. The highest reflectance is found on 

a surface with small tool marks, but how the tool marks affect the optical properties is 

not fully known. In this study, a novel low-pressure lapping method has been developed 

to reduce the surface roughness and preserve the reflectance at the same time. 

In this thesis, the research work consisted of four parts. The first part focuses on 

the study of the influence of feed rate on the surface roughness and reflectance of 

Aluminium alloy (Al6061) by single-point diamond turning (SPDT). The results show 

that even through the surface roughness is decreased when the feed rate is reduced. 

When the feed rate is lower than a critical value, the reflectance is also decreased due 

to the Mg2Si particles being embedded on the machined surface rather than being 

removed by the cutting. As a result, the low-pressure lapping technology in this 

research is focused on reducing the surface roughness and preserving the reflectance 
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of the aluminium alloy (Al6061) surface is machined under the critical feed rate. 

The second part of the research focuses on the investigation of the relationship 

between the lapping parameters and surface roughness of the aluminium alloy (Al6061) 

surface by using a novel lapping technology. This novel lapping method uses a brush 

to drive the abrasive particles over the workpiece surface. During the lapping process, 

the fiber on the rotating brush provides a small normal force and sufficient lateral force 

for the abrasive particles to roll at high speed on the surface of the workpiece. When 

the moving abrasive particles reach adequate speed, they impinge and damage the 

asperities of the surface and eventually wear away the material. In this section, Taguchi 

method was used to determine the optimal lapping parameters. The lapped surface 

under the optimal lapping parameters was further analyzed by the spectrum analysis 

method so as to evaluate the performance of the lapping technology. The results 

showed that the new low-pressure lapping technology can successfully remove the 

tool marks, reduce the surface roughness and preserve the reflectance of aluminium 

alloy (Al6061) surfaces. 

In the third part of the research, the mechanism of the lapping technology was 

investigated. To gain a deeper understanding of the surface generation mechanism, 

the hydrodynamic effect, different lapping tools and slurry in the lapping technology 

were investigated. The influence function was further studied in this chapter. Finally, 

the surface generation mechanism was discussed. 



 

 

iii 

 

A Finite Element model has been built to simulate the mechanism of the lapping 

technology in the fourth part of the research. The simulation results were compared 

with the experimental results so as to gain a better understanding of the lapping 

mechanism. 

The present study does not only contribute to determine the relationship between 

the optical reflectance and surface finish on machining aluminium alloy (Al6061), but 

also contributes significantly in the development of a novel low-pressure lapping 

technology which can be used to lap soft aluminium alloy (Al6061) workpiece with  

nanometric surface finish. The results provide an important means for superfinishing 

of soft materials.  
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CHAPTER 1 INTRODUCTION 

1.1 Motivation 

For aluminum and its alloys, Single Point Diamond Turning (SPDT) is commonly used 

because of its good machinability, and is widely used as a mould insert material. 

Aluminum and its alloys are also the main materials used for cryogenic optical 

instruments, and the optical aluminum mirrors in these instruments are generally 

machined by SPDT (Horst et al. 2008, Kinast et al.2018).  

However, SPDT inevitably generates tool marks on the workpiece since when the 

cutting tool cuts the workpiece successively along the feed direction of the rotating 

workpiece. The tool feed is defined as the interval to the small topical area. The tool 

marks reduce the optical performance by creating scattering and grating patterns (Yin 

and Yi, 2015). There are two methods that can be used to remove tool marks. One is 

to reduce the feed rate (Singh, 2016), while another is to polish the surface (Kevin et 

al.2006). However , the machined surface roughness increases if the feed rate is 

smaller than a particular critical value (Zhang, 1991, To, 1997) in SPDT Conventional 

ultra-precision polishing cannot be used on aluminum alloys because they are 

relatively soft and the surface is very easy to be scratched (Horst et al. 2012). 

In addition, our recent work has revealed that the reflectance does not always increase 

monotonically with the surface roughness of the workpiece. The best reflectance 

occurs when the areal surface has small tool marks. As a result, a novel lapping 
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technology is developed to remove the tool marks from Al6061 alloy while reserving 

the reflectance of the machined surfaces at the same time. 

1.2 Objectives 

The main focus of this research aims to develop a novel low-pressure lapping 

technology to remove the tool marks on the Al6061 alloy surface while maintaining 

high reflectance. As a result, the reflectance characteristics of the Al6061 alloy are 

investigated first, the surface with the best reflectance can be observed. A low-

pressure lapping technology is then developed to remove the tool marks on this 

surface. Finally, a simulation model is developed to optimize and predict the surface 

generation in the new lapping technology. The objectives of the study are given below: 

1. The reflectance characteristics is the key part of the whole research, in which a 

surface with high reflectance is to be lapped by the novel low-pressure lapping 

technology. As a result, the first objective is to investigate the reflectance 

characteristics when the roughness of the Al6061 alloy surface is attained in the 

nanometeric range. The lapping technology is investigated based on the optimization 

of the surface in which the best reflectance can be achieved (feed rate of 7 mm/min in 

this research). 

2. Based on the results of the study on the reflectance of Al6061 alloy surface, the 

second objective is to develop a novel low-pressure lapping technology and 

technology as well as to investigate the key factors affecting surface generation of the 

lapped surface. Spatial analysis method was used to evaluate the lapping technology. 
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The goal of the new lapping technology is to reduce the surface roughness of the 

Al6061 alloy surface and preserve the reflectance at the same time. 

3. To investigate the surface generation mechanism of the new low-pressure lapping 

technology. The hydrodynamic effect, the lapping tool geometry and the slurry used in 

the lapping technology were studied. The Influence function describing the materials 

removal characteristics are further studied so as to gain a better understanding of the 

surface generation mechanisms. 

4. To model the surface generation mechanism of the low-pressure lapping technology 

on Al6061 alloy surface by Finite Element Method (FEM). The results are compared 

with the experiment results in order to optimize and predict the surface generation in 

the low-pressure lapping technology. 

1.3 Organization of the thesis 

The thesis is composed of seven chapters. In Chapter 1, an introduction to the 

research motivation and objectives of the study are presented. In Chapter 2, a literature 

review is presented to gain a better understanding of the background theories and 

related work done. The limitations of the traditional ultra-precision lapping and 

polishing methods are also identified in the literature review. Chapter 3 discusses the 

inter-relationship between the optical reflectance and surface roughness of the 

workpiece based on the results of the reflectance experiments. Based on the results 

in Chapter 3, a novel low-pressure lapping technology is investigated and presented 

in Chapter 4 for realizing the lapping of the Al6061 alloy with a soft lapping head, while 
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the relationship among various factors (speed, pressure, grit size, time) affecting 

surface generation and the surface roughness of the workpiece are described. In 

Chapter 5, the surface generation mechanisms are investigated by a series of 

experiments. Chapter 6 established a FEM model to simulate the surface generation 

mechanism of the low-pressure lapping technology on Al6061 alloy surface. Finally, an 

overall conclusion and suggestions for future work are presented in Chapter 7. 
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CHAPTER 2 LITERATURE REVIEW 

2.1. Ultra-precision machining and post-process techniques for 

diamond turned surface. 

2.1.1 Ultra-precision machining and SPDT 

Ultra-precision machining has been widely used to obtain super mirror finished 

surfaces for optics industry. The ultra-precision machining technologies include Single 

Point Diamond Turning (SPDT) (Ikawa et al. 1991), ultra-precision raster milling 

(Cheung et al. 2006), ultra-precision grinding (Namba et al. 1993), ultra-precision 

lapping (Cha et al. 2009), ultra-precision polishing (Kuriyagawa et al. 2002) etc. 

Compared to traditional machining processes, ultra-precision machining can achieve 

an accuracy of an order of magnitude better than conventional machining (Figure. 2.1). 

Traditional machining methods can achieve 0.1 m arithmetic roughness ( Ra ) values. 

However, ultra-precision machining can achieve nanometer range Ra  values. 

 

Figure. 2.1 Relationship of workpiece dimension and tolerance for Normal machining, 

precision machining and ultra-precision machining (Trent and Wright 2000) 
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Figure 2.2 Ultra-precision diamond turning of aluminum alloy on a Nanotech 450 

machine 

 

As one of the key technologies, SPDT first appeared in the 1960s (Ikawa et al. 1991). 

It uses a diamond-made turning tool with a nanoscale edge radius to machine the 

workpiece. (Lee et al. 2003). Figure 2.2. shows the process of diamond turning of 

aluminum alloy In SPDT, the workpiece is rotated by the spindle, and the surface profile 

of the workpiece is generated under the continuous feed of the cutting tool. (Lee et al. 

2003).as shown in Figure.2.3. The maximum peak-to-valley height ( tR ) on the ideal 

surface can be expressed as 

                               
2

28
t

f
R

RV
                            (2.1) 

where f  is the feed rate in mm/min, R  is the tool nose radius in mm, V  is the 

rotational speed in r/min. From Eq. 2.1, the surface roughness decreases with 
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decreasing the feed rate or increasing the spindle rotational speed. However, Zhang 

(1991) claimed that the surface roughness increases if the feed rate is lower than a 

certain level in ultra-precision machining. Cheung and Lee (2007) also reported that 

when the rotational speed is higher than 1000 rpm, the maximum peak-to-valley height 

( tR ) do not change much in SPDT. As a result, post-processing techniques need to be 

conducted on the diamond turned surfaces in order to further reduce the surface 

roughness. 

 

Figure.2.3 Ideal surface machined by a round diamond tool 

 

2.1.2 Overview of polishing and lapping technology 

Polishing and lapping are the oldest techniques among the various manufacturing 

processes (Evans 2003). Humans learned to polish and lap stones into weapons and 

polish jade into ornaments a long time ago. Although various polishing tools have been 

invented, polishing mainly relies on human effort to operate and judge the effect of 

polishing. With development of modern industrialization, automation gradually 

appeared and polishing equipment changed from machining plane, spherical surfaces 
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to aspheric surfaces and hence freeform surfaces, Moreover, the polishing accuracy 

was also largely improved. This section mainly introduces the current advanced 

polishing equipment, and discusses why a new polishing method is developed in this 

project. 

In order to improve the performance of optical systems and reduce system cost and 

weight, aspherical mirrors and even freeform surfaces are gradually being applied to 

optical systems. As a result, the equipment for polishing complex surfaces, such as 

aspheric surfaces, has been developed. These devices can be broadly classified into 

flexible contact polishing equipment and non-contact polishing equipment. Among 

them, bonnet polishing equipment, magnetorheological polishing technology and 

electrorheological polishing technology are representatives of flexible contact devices. 

Kinetic energy abrasive flow polishing method, continuous particle flow impact 

polishing technique and chemical etching method are representatives of non-contact 

polishing methods.  

2.1.2.1 Bonnet polishing technology  

Bonnet polishing technology was jointly proposed by University College London (UCL) 

and Zeeko Co. in 2000. The principle is shown in the Figure 2.4, the polishing head is 

a flexible spherical airbag. This polishing head is mounted on the rotating member of 

the system to form a cavity chamber. The chamber can be filled with a controlled low 

pressure gas. This polishing head can have a polishing film and conduct precision 

polishing with a suitable polishing solution. It is also possible to apply a grinding film to 
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correct the shape of the workpiece. The bonnet polishing has a Gaussian shape 

removal function, and the polishing texture is fine and uniform. The flexible polishing 

head can automatically adapt to the curved shape of the workpiece, and the same 

polishing head can be used to polish a variety of shapes, such as plane, spherical, and 

aspherical surfaces. However, this method still needs to be checked for quality control 

when polishing the edge of the workpiece. At the same time, this method has a poor 

polishing effect on soft metals such as alumimium alloy. Soft metal in this thesis means 

metals like Al6061 alloy, copper, brass or other metals with hardness is lower than 200 

HB. 

 

 

Figure 2.4 Polishing tool of Bonnet Polishing (Cheung et al.2010) 

 

2.1.2.2 Magnetorheological finishing 

Magnetorheological finishing, (MRF) was first proposed by Kordonski in 1988. The first 
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MRF prototype was produced in 1994. MRF makes use of a rheological fluid to polish 

the workpiece surface. During the polishing process, the rheological fluid is controlled 

by a variable magnetic field due to the rheological properties of the fluid. The MR fluid 

consists of magnetic particles, a base fluid and a stabilizer. The polishing principle is 

shown in Figure 2.5. The magnetic pole forms a high gradient magnetic field between 

the workpiece and the MR liquid conveyor belt. When the MR liquid is transmitted to 

the small gap between workpiece and conveyor belt with high velocity, the high 

gradient magnetic field makes it a viscoplastic Bingham medium and contact with the 

surface of the workpiece. The material is then removed by the large shear stress 

between the fluid and the workpiece. During the polishing process, selective removal 

can be achieved by controlling the residence time of the workpiece in the MR fluid.  

MRF has many advantages, such as constant material removal rate, high efficiency, 

high surface finish quality, and removing the debris in real-time. MRF technology began 

to be applied in 1998. For example, Q22 Technology Co. and the Rochester University 

USA COM Lab jointly launched the Q22 MRF processing system, which is commonly 

used as a post processing method after aspheric finishing and SPDT. Companies such 

as Zeiss and Leica also use Schneider's SLP series polishing machine and the Q22 

MRF processing system to machining SLR lenses. The disadvantage of this technique 

is that the shape of the workpiece is limited, in particular the curvature of concave 

workpiece. When using MRF processing to polish the workpiece, it is very easy to 

generate pitting effects especially when polishing a relatively soft metal like Al6061 
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alloy. Compared to MRF based processing, the major advantages of the low-pressure 

lapping method attempt to provide a scratch-free method to remove the material from 

Al6061 alloy and not generating scratches or damaging the surface form during the 

process. 

 

 

Figure 2.5 Schematic of Magnetorheological Finishing (Ganapathy et al. 2016) 

 

2.1.2.3 Electrorheological fluid-assisted polishing EFP 

This Electrorheological fluid-assisted polishing technique is based on the viscosity of 

the electrorheological fluid changing with the applied electric field strength (Figure 2.6). 

The viscosity of the electrorheological fluid showing solid-like properties when the 

electric field is large enough. Material removal is achieved by controlling the external 

field to change the viscosity and local shape of the electrorheological fluid. This 

polishing method was first proposed by Kuriyagawa et al. in 1999. It is used to polish 

non-conductors such as BK7. The advantage is that the material removal rate is high, 

but the disadvantage is that when polishing a conductor workpiece, it is easily broken 
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due to the high voltage.  

 

Figure 2.6 Schematic of Electrorheological fluid-assisted polishing (Kuriyagawa et al. 

2002) 

 

For non-contact polishing equipment, it mainly includes the kinetic energy abrasive 

flow polishing method, continuous particle flow polishing technique and chemical 

method. 

2.1.2.4 Kinetic energy abrasive flow polishing method 

The kinetic energy abrasive flow polishing method includes Fluid Jet Polishing (FJP) 

and Magnetic Jet Polishing (MJP). The main material removal principle of these 

methods is using kinetic energy for impacting on the workpiece surface. The advantage 

of these methods is to eliminate some of the inevitable problems in contact polishing, 

such as matching the polishing tool with the special surface workpiece. Among them, 

Fluid jet polishing (FJP) is a method that shoots a liquid containing abrasive particles 

at the workpiece through a nozzle, and removes material by generating radial shear 

between the fluid and workpiece surface (Figure 2.7). The polishing effect of FJP is 
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controlled by the pressure, direction and residence time of the liquid jet. There are 

several advantages of this method such as the removal function makes it relatively 

easy to remain constant, the cross-sectional area of the jet beam is small, and the 

nozzle running track is not limited to the linear direction, and is particularly suitable for 

processing complex surfaces such as high-steep aspheric surfaces of hard and brittle 

materials etc.  

However, for the FJP technology, the liquid beam is disturbed by the air which means 

its stability is affected by the distance between the nozzle and the workpiece surface, 

resulting in unstable removal rates in the polishing zone. As a result, a 

Magnetorheological Jet Polishing MJP was developed. The magnetorheological fluid 

rapidly transforms into a viscoplastic Bingham fluid under the action of a local axial 

magnetic field near the nozzle outlet. The surface stability of the jet beam is enhanced 

and the beam diameter remains substantially constant over a long distance as shown 

in Figure 2.8. The MJP technology has a good polishing removal function and is not 

sensitive to polishing distance. It is very suitable for polishing complex surfaces such 

as high-steep aspheric concave surfaces. 

 

Figure 2.7 Configuration of Fluid Jet Polishing (Cao et al. 2014)  
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Figure 2.8 Fluid under different magnet condition in Magnetorheological Jet Polishing 

(Tricard et al. 2006) 

2.1.2.5 Continuous particle flow impact polishing technique 

Continuous particle flow impact polishing techniques make use of a continuous stream 

of kinetic energy particles to impact the surface of the workpiece. Typical methods 

include Elastic Emission Machine (EEM) and Ion Beam Figuring (IBF). The Elastic 

emission machine (EMM) was proposed by Tsuwa. It is an ultraprecision method which 

remove materials at the atomic level. The working principle is that the ultrafine abrasive 

particles impact on the workpiece surface, and the abrasive particles are firmly 

combined with the atoms of the workpiece surface. Since the binding energy of the first 

layer atoms and the second layer atoms on the workpiece surface is low, when the 

powder particles are removed, the first layer of atoms is separated from the second 

layer of atoms, thus achieving atomic level material removal with small elastic damage. 

The specific processing method is shown in Figure 2.9. The motor drives the 
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polyurethane ball to rotate and sweep in the liquid. The ball rotates at high speed 

forming a gap between the ball and the workpiece, and driving the abrasive grains with 

particle sizes of several tens of nanometers in the polishing liquid to strike the 

workpiece surface with a small incident angle. The abrasive particles and the surface 

of the workpiece form atomic-level bonds in a narrow area and are removed by the 

suspension flows. This method controls the material removal rate by controlling the 

dwell time of each point. The feed rate is linear with the processing speed (sweep 

times). The surface polished by this method has no plastic deformation or lattice 

defects, but the material removal rate is low.  

 

 

Figure 2.9 Schematic of Elastic emission machine (Jain. 2009)  

Another continuous particle flow impact finishing method is Ion Beam Figuring (IBF). 

This method accelerates the neutral ions in an electric field under a vacuum 

environment, to impact on the atoms or molecules of the workpiece surface, causing 

them to escape the surface (Figure 2.10). The material removal rate of IBF can be 
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accurate to the atomic level, and another benefit of this method is that the material 

removal function is not sensitive to changes in the curvature of the workpiece surface, 

the phase distance, and the small deviation of the vertical incident angle of the beam, 

and is very suitable for reshaping aspherical surfaces (Dai et al. 2008). 

 

Figure 2.10 Schematic of Ion Beam Figuring (Liao et al. 2014) 

2.1.2.6 Chemical etching method 

The chemical etching method is also a non-contact polishing method, and it is used to 

remove trace material from the surface with no subsurface damage. The typical 

method is plasma etching processing technology.  

Plasma etching processing technology converts activated radicals in the plasma with 

atoms on the surface of the workpiece, turning them into volatile molecules, and 

removes the material by gas evaporation. Plasma etching processing techniques can 

be used to process siliceous or silicon-based materials (such as molten silicon, zero-

expansion glass, quartz crystals, single crystal silicon, and silicon carbide) as well as 

tantalum lenses. Since there are highly toxic compounds in the process, the treatment 
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of the reaction products has high requirements for the equipment. Conventional 

plasma etching processing methods, such as Plasma Assisted Chemical Etching 

(PACE), excite a halogen-based gas into a plasma and react with the surface of the 

workpiece, which has high processing efficiency and no surface contamination and 

sub-surface damage layer. However, the original PACE equipment discharges gas in 

vacuum environment during processing, the equipment cost was high, and the scope 

of use was limited. As a result, researchers subsequently and gradually developed 

atmospheric plasma processing technology. By optimizing the ratio of the reaction gas 

and the plasma gas, the reaction gas in the plasma is excited by the Radio Frequency 

(RF) electric field excitation after being sufficiently mixed, so that a large-area uniform 

low-temperature plasma can be generated at one atmosphere. 

Current atmospheric plasma processing techniques include plasma jet processing and 

plasma chemical evaporation processing. The principle of Plasma Jet Machining (PJM) 

is shown in Figure 2.11 (Arnold and Bohm, 2012). The plasma torch consists of a 

cylindrical electrode (anode) and a grounded shield (cathode), with an inert shield 

between the cathode and the anode. The reaction gas, oxygen and argon are mixed 

and sent to the barrel electrode, and the arc discharge is generated by the microwave 

or the RF power source between the barrel electrode and the ground shield. The gas 

ionization generates an active chemical group and is rapidly heated under the high 

temperature of the arc. It is ejected and chemically reacts with the surface material of 

the workpiece to form a volatile substance to remove the material.  
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A similar technique is Plasma Chemical Vaporization Machining (PCVM), which was 

proposed by Mori et al (2000). The high temperature reaction gas is directed to the 

surface of the workpiece through the tubular electrode. During the polishing process, 

the reaction gas is excited by the RF power source to form a plasma, and its chemical 

reaction is similar to that of PJM. 

 

 

Figure 2.11 Schematic of Plasma Jet Machining (Arnold and Bohm, 2012) 

The polishing methods described above all achieve nano-scale ultra-precision 

polishing and all of them have a constant material removal function. Since these 

techniques are combined with polishing path planning and dwell time to achieve 

quantitative material removal, the machining tool and the workpiece surface are 

essentially in point contact, and only a single workpiece can be machined at a time. As 

a result, the machining accuracy requires a complicated CNC system and high 

Precision, high rigidity machine tool system which means high processing costs. 

In the meantime, these ultra-precision polishing processes such as Fluid Jet Polishing 
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(FJP) (Fahnle et al. 1998), bonnet polishing (Bingham et al. 2000) and Magneto 

Rheological Finishing (MRF) (Jacobs et al. 1995) experienced difficulty in polishing 

aluminum alloy surfaces because it is very easy to scratch the surface (Horst et al. 

2012). Figure. 2.12 shows an aluminum alloy surface after bonnet polishing, where it 

can be seen that the surface is full of scratches.  

At present, most of the common precision aluminum alloy polishing methods are still 

only at the micron-scale roughness level. There are other less precise polishing 

methods that can applied to aluminum alloy surfaces. One such technique for polishing 

aluminum is Chemical Mechanical Polishing (CMP) which can successfully polish an 

aluminum alloy surface to the nanometer scale roughness (Kevin et al. 2006). 

 

  

Figure. 2.12 Aluminum surface after bonnet polishing 

 

Chemical Mechanical Polishing (CMP) is a polishing method that produces a material 
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removal by a combination of a chemical reaction and a mechanical force. (Lee and 

Jeong 2009). As shown in Figure.2.13, the first step is the reaction between the 

chemical additive and metal surface to form a layer of oxide. Hence, the oxidized layer 

is removed by the abrasive particles through the rotation of the polishing pad. However, 

the limitation of CMP is that the process is very sensitive to oxidizing and scratching 

(Horst et al. 2008). 

 

Figure. 2.13 The basic CMP mechanism. (Kevin et al. 2008) 

 

Another method for polishing aluminum alloy was investigated by Horst et al. (2008) 

by directly applying a polishing tool with a 5 mm thick layer of specially prepared 

polishing pitch, as shown in Figure. 2.14. A surface accuracy of 0.5 λ and 1 nm surface 

roughness (Ra) can be achieved. Yin and Yi (2015) also investigated the optimal 

polishing conditions of the direct polishing technique by using the Taguchi method. 

However, the limitation of CMP and the mechanical polishing method is that they only 

can be applied on flat surfaces because the polishing tool is flat. In addition, the 

relationship between the surface roughness and reflectance of the surface after SPDT 
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is not known. As a result, a new lapping method was investigated to figure out the 

relationship between the surface finish and reflectance in this project. 

 

Figure. 2.14 A flat aluminum mirror during the direct polishing process (Horst et al. 

2008) 

 

As shown in Figure. 2.15, lapping is a process in which the lapping tool rubs against 

the workpiece with a lapping medium (lapping fluid and lapping grit). Material is 

removed by the countless loose particles between the carrier surface (lapping plate) 

and the workpiece pressed against it (St’aihli 1998). The polishing process is similar 

to lapping but the action is much smaller than lapping. In the polishing process, 

material is only removed by plastic deformation in order to generate a super fine 

surface. Marinescu et al. (2006) also claimed that the polishing process, not like 

lapping, was influenced by both mechanical actions and chemical actions. The 

comparison between the lapping and polishing processes is summarized in Table 2.1. 

Abrasives such as aluminum oxide, SiO2 or diamond are used in the lapping process. 

The rolling abrasives can provide a kind of kneading action on the workpiece surface, 
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as discovered by Martin using an electron microscope (St’aihli 1998). In this method, 

because the aluminum alloy surface is relatively soft compared to other metals, it is 

preferable to use rolling abrasives than sliding abrasives. The rolling abrasives can 

smooth the tool marks by bending the sharp edges over rather than breaking them, 

therefore, debris can be avoided during the lapping process.  

 

Figure. 2.15 Examples of lapping process (Evans et al. 2003) 

Table 2.1 Comparison between lapping and polishing process 

 Lapping Polishing 

Material 

removal 

mechanism 

Mechanical mechanism, 

Abrasive roll on the surface 

Interaction of mechanical 

and chemical 

mechanisms(Klocke and 

Kuchie 2009), 

Abrasive slide on the 

surface 

Abrasive Coarse grain with geometrically 

undefined cutting 

edges(Marinescu et al. 2006) 

Fine grain  

Surface 

characteristic 

1.Undirected processing traces 

2.Semi-gloss appearance 

3.Little wear when under strain 

(Klocke and Kuchie 2009) 

1.Mirror finish 

 

 



______________________________________Chapter 2 Literature Review 

23 

 

2.1.3 Principles of precision polishing and lapping process 

Polishing and lapping processes are varied. Different kinds of samples need particular 

equipment and skills to polish or lap (Baker et al. 1975). The material and shape of 

samples determine the process used to polish, such as which abrasive particles, 

whether the medium is oil or water, or even how to clean after polishing process.  

Although most of the polishing industries now use automated polishing equipment, 

there is still a need for experienced technicians to do the final checks on the polishing 

of some high-end products. Researchers have been developing equipment to replace 

skilled workers who need years of learning to become skilled. In general, the strength 

and displacement accuracy of existing polishing equipment are already high enough, 

in order to replace experienced workers, a more in-depth study of the polishing process 

is required. At present, the polishing parameters can be generally divided into two 

types: process parameters and material parameters. The process parameters refer to 

parameters that need to be set in the equipment during the polishing process, such as 

polishing feed rate, head pressure, polishing head rotational speed, polishing path, etc. 

The material parameters mainly refer to the workpiece material, the type of polishing 

liquid, and the material of the polishing head. 

Since the polishing process involves a lot of parameters, when faced with a new 

polishing project, a two-step experimental design is generally considered to determine 

the polishing process. The first step is to select possible process parameters and 

material parameters based on previous research. The second step is to explore the 
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effects of several major parameters and to find the best combination of polishing 

through the Analysis of variance (ANOVA) method (Kaplan et al. 1996). By using the 

ANOVA method, the number of experiments can be greatly reduced, and a suitable 

polishing combination of different parameters can be found more quickly. The ANOVA 

method itself is constantly being optimized, and a well-known one is the Taguchi 

method, which is used in many polishing studies (Chen et al. 2018, Ren et al. 2018). 

Since the shape of the workpiece is now more and more complicated, the polishing 

head and the workpiece are usually in point contact during the polishing process, so 

the polishing path is an important research direction in the polishing process (Zhao et 

al. 2009). The polishing path is the relative trace of the abrasive particles and the 

workpiece during the polishing process. It generally includes two aspects: one is the 

path of the abrasive particles to the workpiece, and the other is the path of the 

workpiece relative to the polishing tool.  

Uniform polishing path has a major impact on the polishing results, which not only 

ensures that every point of the material on the surface of the workpiece can be 

removed evenly, but also ensures uniform wear of the polishing tool. Both of these 

aspects are closely related to the polishing results (Tam and Cheng, 2010). The 

following assumptions are made during the study of the polishing path uniformity (Su 

et al, 2004): 

 The workpiece, the abrasive grains and the polishing head are rigid bodies; 

 The abrasive particles are fixed on the working surface of the polishing head; 
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 The abrasive grains are not broken or fall off; 

 The rotation error of the workpiece and the polishing head are ignored. 

On the basis of the above assumptions, the polishing uniformity can be evaluated by 

calculating the path between the workpiece and the abrasive particles. The wear 

uniformity of the polishing head can be evaluated if the path between the workpiece 

and the polishing head is determined. 

For planar polishing, there are generally several common polishing paths. One is the 

polishing path produced by the fixed eccentric method as shown in Figure 2.16. This 

method is a very common method. The Eq. (2.2) of the motion of any particle P on the 

polishing pad relative to the workpiece is given as follows: 

 

                 
cos( t t) cos

sin( t t) sin

p p p w w

p p p w w

X r e t

Y r e t

   

   

   

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                   (2.2) 

Where w is workpiece rotational speed, p is rotational speed of polishing pad, e  

is center distance between the workpiece and the polishing pad. The path of a particle 

P on the workpiece is shown in Figure 2.17. It can be determined from the formula that 

when the relative speed of the workpiece and the polishing pad are equal ( w p  ), 

the material removal rate can be considered to be uniform. However, in actual 

production, the eccentric polishing method has poor uniformity in material removal, 

and is generally only used for processing small-sized workpiece which having a 

diameter of not more than 200 mm. 
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Figure 2.16 Kinematics model of fixed eccentric polishing method (Zhao et al. 2009) 

 

Figure 2.17 Fixed eccentric polishing path (Zhao et al. 2009) 

 

In order to improve the uniformity of the polishing path of the fixed eccentric device, 

some researchers added the translational motion for the workpiece, so that the relative 

distance between the center of the workpiece and the center of the polishing pad 

changes with time.  

 

Figure 2.18 Fixed eccentric polishing path with translational motion (Zhao et al. 2009) 

It can be seen from Figure 2.18 that the uniformity of the polishing path in this method 
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is obviously better than that of the fixed eccentric device, and is more conducive to the 

improvement of the surface precision of the workpiece, and is suitable for processing 

large-sized workpiece (i.e. diameter larger than 200 mm).  

In addition to the above two polishing tracks, there is also a linear polishing device. 

The schematic of this method is shown in Figure 2.19. The workpiece is simply rotated, 

and a polishing belt is used as a polishing pad at the bottom for lateral movement or 

to swing around a fixed point. It is assumed that for any abrasive particle P on the 

abrasive belt, the relative motion path of point P relative to the workpiece is given as 

follows: 

                     
t sin( t)

cos( )

p p p w

p p p w

X r v

Y r v t t





  

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                     （2.3） 

where pr is the distance between p and the workpiece center. pv is speed of the 

polishing belt, w is the rotational speed of the workpiece, the path of P on the 

workpiece is shown in Figure 2.20. This method has a simple movement form, and at 

the same time, it can be used in mass production if lengthening the polishing belt, 

which means the production efficiency is high. As a result, this polishing mechanism is 

widely used in industry. 

 

Figure 2.19 Schematic of linear polishing device (Yi. 2005) 
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Figure 2.20 linear polishing device path (Zhao et al. 2009) 

 

The common feature of the above methods is that the polishing pad is larger than the 

workpiece, and the advantage of these methods is that the material removal rate is 

even on every part of the workpiece. The disadvantage is that as the workpiece 

increases, the size of the device also increases greatly. The huge workbench is not 

only expensive, but also affects the accuracy of the spindle and polishing pad. Another 

type of polishing method is the point contact polishing described above for polishing 

complex surfaces. The workpiece can be fixed or rotated during this polishing process 

and the polishing head walks through the surface of the workpiece according to a 

certain route. Besides, the conventional zig-zag and ring polishing paths, Hilbert and 

Peano paths were also commonly used in the polishing process. The Peano curve 

(Figure 2.21) theoretically provides a uniform and non-intersecting polishing path that 

allows the polishing path to be distributed throughout the polished surface without 

irregular voids. Some studies have shown that this polishing path is more 

advantageous than other methods in achieving good polishing uniformity (Tam et al. 

2013). 
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Figure 2.21 Peano curve and Peano-like curve for polishing aspherical surface (Tam 

et al. 2013) 

 

It can be seen from various polishing parameters mentioned above that the polishing 

mechanism is a difficult research direction because of its many complicated 

parameters, but the polishing mechanism can help us control and predict the polishing 

process. Since the brush and the polishing solution are used in this study, some related 

polishing mechanisms are discussed below, mainly the abrasive polishing. 

In the early view, polishing was the abrasive grains removed asperities from the rough 

surface. In the 20th century, due to limitations of experimental equipment, researchers 

believed that during the polishing process, the abrasive particles smear the asperities 

into the gap of the rough surface, thereby smoothing the surface (Belby, 1921, Bowden 

and Hughes, 1921). They assumed that asperities become liquid during the polishing 

process and then solidified again in the gaps of the rough surface. They concluded 

that the mechanism of this process is that the abrasive particles rubbed the asperites 

during the polishing process to produce a sufficiently high temperature. This 

temperature is close to the melting point of the material, so that the material of the 
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contact area becomes highly elastic and is brought into the gap of the rough surface 

by the shear forces. These materials cool rapidly after polishing and form an 

amorphous like structure, also known as the Beilby layer (Bowden and Tabor, 1950). 

However, with subsequent research, this Beilby layer assumption is basically incorrect. 

The Beilby layer hypothesis makes people feel that the polished surface is no longer 

the same as the original surface. However, with the development of modern optical 

microscopy technology, the microscopic surface becomes able to be observed. 

Researchers found that the polished surface is not as clean as seen with the naked 

eye, and still has many tiny grooves. At the same time, the new technology brings 

temperature detection equipment, and it was found that the contact area did not reach 

the melting point in the polishing process. Subsequent studies also found that the 

surface of the amorphous like structure is not rendered after polishing (Turley and 

Samuels, 1981). Although the polished surface did exhibit elastic deformation, the 

existence of the Beilby layer was not found, therefore researchers were more inclined 

to believe that the mechanism was mainly material removal during the polishing 

process.  

As a result, the material removal mechanism during polishing can be consider as 

micromachining. When the polishing particles are large, many small machining chips 

are produced during polishing. These chips look very different, some are very slender, 

and some are tiny and irregular particles. Studies have shown that at the time of 

coarser polishing, these chips may be generated by particles that remove the material 
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from the edge of the chip grooves, but in fine polishing, the chips may be produced 

during the delamination process. Although these are two different generation 

mechanisms, but the difference is closer to scale than to kind. Based on this statement, 

the polishing process produces scratch grooves on the polished surface when the 

normal force applied to the polishing particles is small. Samuels (1992) suggested that 

better polishing results when the grooves produced during polishing process are 

narrower than 50 nm to 100 nm. To achieve this effect, the force needs to be less than 

0.01N when polishing a workpiece with a hardness of 1000 HV, and less than 0.002 N 

when polishing a workpiece with a hardness of 100 HV.  

For the grooves generated in the polishing process, rake angles (tool edge geometry) 

of the contacting point between the workpiece surface and abrasive particle 

determines whether the material in the groove is cut out by the particle or plowed 

without material removal (Figure 2.22). The shape of the contact point between the 

abrasive particles and the surface of the workpiece determines how much material is 

removed if a chip is cut, or the shape of the groove cross section if the surface is 

plowed.  

In a follow-up study, there are two problems that have attracted much interest. One is 

during the polishing process, when the abrasive particles are in contact with the 

material, the surface of the material, especially the surface of a brittle material, is 

changed to ductile or is still brittle. Another interesting question is why the abrasive 

particles can stably produce a long scratch on the surface of the workpiece or can cut 
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the polishing chips during the polishing process. 

 

Figure 2.22 Rake angles of abrasive particle determines whether the material in the 

groove is cut out or plowed without material removal 

 

Regarding the first question, researchers found that during the polishing process, 

randomly distributed pits and grooves appeared on the surface of a brittle material, 

and these tiny pits covered some parts of the grooves. These pits contain cracks below, 

and these cracks are not likely generated by micromachining, but are more like layers 

produced by elastic deformation. By using TEM detection on the polished surface of 

silicon, dislocation arrays also implied the existence of this elastic deformation region 

(Pugh and Samuels, 1963). However, due to this research mainly studies the process 

of polishing soft metals, the polishing mechanism of brittle materials is not discussed 

in depth.Regarding the second question, why can the abrasive particles form long 
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scratches, there are a lot of possibilities that are now discussed. 

2.1.3.1 Slurry erosion mechanism 

In most polishing systems, the polishing particles are suspended in a polishing fluid. 

During the polishing process, the abrasive particles repeatedly circulate between the 

polishing pad and the surface of the workpiece due to the relative movement of the 

polishing disk and the workpiece. Some abrasive particles have enough momentum to 

make a groove on the surface of the workpiece. Moreover, even have enough 

momentum to remove the material by cutting a chip. This mechanism called slurry 

erosion. 

Slurry erosion is a complex process, and many parameters in the polishing l affect the 

results. It is generally believed that the mechanism of material removal depends on 

the particle's rake angles and whether there is enough momentum when the particles 

are in contact with the surface. When the rake angle is negative, it may only plow 

without any material removal rate. When the rake angle is positive, chips are generated, 

like cutting, in the polishing process.  

A single abrasive particle can remove very little material, but when the amount of 

abrasive grains is accumulated to a certain extent, the material removal rate is still 

could be considerable. However, this mechanism has a small removal rate relative to 

the mechanism described later. In this process, only relatively short, and random 

directions of the grooves are generated. In the traditional polishing experiment, the 

surface to be polished has a lot of consistent grooves. Some studies have shown that 
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this may be due to the polishing pad lengthening the grooves and covering the original 

grooves which are generated by the particles. There is also a possibility that the 

abrasive particles accumulate on the polishing pad, thereby causing parallel long 

grooves along with the movement of the polishing pad. 

2.1.3.2 Micromachining by accumulated abrasive particles 

Some studies have shown that the polishing particles may be trapped by the polishing 

cloth fiber to form a large particle and produce a cutting action on the polished surface. 

It generally happens when the size of the abrasive particle is larger than the diameter 

of the cloth fiber (about 20 microns). Some studies have shown that the accumulated 

abrasive particles are also small, so it is conceivable that the removal rate of this 

mechanism is not high. 

2.1.3.3 Micromachining by abrasive particles embedded in cloth fibers 

Some studies have shown that abrasive particles can also be embedded in the 

polishing heads or polished cloth fibers. For a fiber, only particles smaller than the 

diameter of the fiber can be embedded in the middle of the fiber. The particles 

embedded in the fiber are constantly in contact with the surface of the workpiece. Each 

hair is like a miniature machining system, and this micro system is softer than the 

abrasion process. Each individual tiny system either machines a chip or plows a groove 

during the polishing process. The result of the polishing depends on the contact point 

between the abrasive particles and the surface of the workpiece. Since arm movement 

by the fiber-driven abrasive particles is very light at the point of contact, the groove is 
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very shallow. This situation is relatively easy to polish a mirror surface. However, some 

qualitative analyses have shown that this mechanism does not usually occur, so the 

material removal rate through this mechanism is relatively small (Figure 2.23).  

 

Figure 2.23 Micromachining by abrasive particles embedded in cloth fibers 

 

2.1.3.4 Micromachining by abrasives contained in a carrier paste 

A more common situation is that the fibers on the polishing pad are gradually coated 

with a layer of carrier paste film or a pile of particles during the polishing process 

(Figure 2.24). An elastic soft machining system is therefore generated. Even though 

not every micro system plays a cutting role during the polishing process, this 

mechanism is more common than the processing mechanism described above. 

Previous studies have shown that the distribution of such abrasive particles and the 

density are largely dependent on the processing parameters at the time of polishing. 

 This mechanism is generally considered to have a greater removal rate than the 

mechanisms previously discussed. Especially when the hardness of the fiber is smaller 

than the workpiece, and the size of the abrasive is at the sub micrometer level, the 

abrasive particles are easily wedged into the polishing pad, and then the fiber on the 

polishing pad directly contacts the workpiece with the abrasive particles. The number 



______________________________________Chapter 2 Literature Review 

36 

 

of abrasive particles which participate in the material removal process depends on the 

contact range of the pad asperities and the workpiece (Evans et al 2003). This theory 

has been validated theoretically (Ahmedi and Xia 2001) and experimentally (Yu et al. 

1994). The contact range is positively correlated with the pressure on the polishing pad 

and is inversely proportional to Young’s modulus of the polishing head. 

 

Figure 2.24 Micromachining by abrasives contained in a carrier paste 

 

2.1.3.5 Delamination mechanisms 

Some debris generated during the polishing process mixes with the abrasive particles 

and removes the material together. These types of debris are not very long, and there 

are some small, plate shape particles. Studies have shown that this mechanism is 

becoming more common when the size of the abrasive particles decrease. Some 

researchers believe that when the abrasive particles are small, to a certain extent, such 

as less than 0.5 microns, this mechanism is the main mechanism during the polishing 

process, called platelet delamination. The texture of the polished surface produced by 

this mechanism is different from micromachining. When the polished surface is mostly 

long grooved, the mechanism of the process is micromachining, and when the abrasive 
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particles become very small, the polished surface shows a lot of mottled surfaces, so 

it can be said that platelet delamination is the main mechanism in the process. 

This new material removal process is one of the delaminations, but it is difficult to say 

which specific delamination occurs during polishing. In general, there are two cases of 

delamination, one is the sliding contact between metal and metal at low speed. 

Delamination occurs mainly due to nucleation and growth of subsurface cracks (Suh 

et al, 1977). Another reason for the formation of delamination is the high-speed friction 

between the abrasive particles and the metal surface. The principle of this mechanism 

is that when the abrasive particles pass through the surface of the workpiece, a local 

shear fracture is created (Doyle and Turley, 1978). However, there are still little mature 

evidence to explain which delamination is the mechanism at the time of fine polishing. 

At the same time, there is no satisfactory explanation why delamination occurs when 

the abrasive particles are less than a certain size. 

2.1.3.6 Chemical-mechanical mechanisms 

Some indirect evidence suggests that in the polishing process, there is a case where 

the removal of the material is due to the simultaneous action of the chemical solution 

and the mechanical removal process. During this polishing process, a chemical that 

reacts slightly with the sample material is added to the solution to increase the material 

removal rate during polishing. In this process, it is difficult to observe whether the 

abrasive particles are removing the material or the polishing liquid itself is removing 

the material. The use of colliodal silica in the polishing process is a common example.  
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Silica particles are almost purely round. When this polishing fluid is used to polish 

harder materials, it is difficult to explain how pure mechanical action can result in 

material removal rates. The similar example is in using magnesium oxide as the 

polishing fluid. These polishing solutions can be used to polish surfaces with almost 

no scratches and no deformation, which is difficult to conduct with pure mechanical 

polishing. As a result, it means that etching may occur in these processes. 

Silica sol was originally used to polish single crystals of silicon in the semiconductor 

industry. Many studies have suggested that the silica of the sol reacts with the silicon 

to form a softer surface. Then in mechanical polishing, the top of the asperities is first 

removed with little mechanical damage on the underlying silicon. A new layer of soft 

layer is then formed and removed by a mechanical polishing process again. During 

this iterative process, the asperities gradually decrease and the surface of the 

workpiece gradually become smooth. 

For silica sol, this reaction with the surface of the material appears to be less likely to 

happen on other metals. In order to create a corrodible layer with a metal surface, the 

polishing solution can be replaced with a solution containing oxidizers as a primary 

chemically active ingredient such as hydrogen peroxide. In this process, it is also 

possible to assume that the abrasive particles wear away the asperites layer by layer 

to smooth the surface. This method is not suitable for use on noble metals such as 

gold and platinum, because corrodible layers do not formed on the surface of these 

noble metals. 
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In chemical mechanical polishing, the shape of the polished particles is also important, 

and angular particles may be more likely to produce higher removal rates than 

spherical particles. At the same time, the fibers may also play the role of removing the 

asperites on the corrosion layer. In general, due to the complexity of chemical 

mechanical polishing, the corrosion and removal processes are still not well 

understood. Such as in the etching process, the state of the abrasive particles as they 

pass through the reaction zone is unknown. 

2.1.4 Modelling and simulation of current polishing and lapping method 

Modelling and simulation including Finite Element Method (FEM) and Molecular 

Dynamics (MD) are important methods to describe and improve the ultra-precision 

polishing and lapping processes. The most well-known semi-empirical model was built 

by Preston (1927). Polishing and lapping processes usually use Preston’s equation as 

shown in Eq. (2.4) to predict the material removal rate, 

                                W Kpvdt                              (2.4) 

in which K  equals Preston’s coefficient [
3 2 /m s kg ], p  is the pressure [ Pa ], v  is 

the velocity of the lap relative to the workpiece [ /m s ] and t  is time. Preston’s 

equation suitable for all the material and parameters (John et al. 1997). Brown (1982) 

built a model to verify the linear relationship with the applied pressure and velocity 

using Preston’s equation. Xie et al. (2006) built a model to describe the linear 

relationship between material removal depth and dwell time based on the Preston’s 

equation. Li et al. (2014) built a model by normalizing the Preston coefficients to 
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describe the material removal in vibration-assisted dry polishing. In addition, a number 

of researchers’ models have also been built based on the Preston’s equation 

(Kordonski and Golini, 1999; Shorey, 2000; Miao et al., 2009; Liu et al., 2011; Zeng, 

2014). 

The finite element method (FEM) and molecular dynamics (MD) are also common 

methods used in modelling and simulation. Srinivasa-Murthy et al. (1997) used a finite 

element model to simulate the Von Mises stress in chemical-mechanical polishing. as 

shown in Figure 2.25, Klocke et al. (2008) used FEM to model the contact behavior 

between the surface and tool,. Enomoto et al. (2011) studied the polishing pad by FEM. 

Si et al. (2010) used MD to simulate the material removal mechanism at the 

monoatomic layer in chemical-mechanical polishing as in Figure 2.26. Han et al. (2009) 

also used MD to simulate the material removal mechanism of a silicon wafer in 

chemical-mechanical polishing.  

 

Figure.2.25 FEM model of the motion of a diamond grain in polishing process 

(Klocke et al. 2008) 
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Figure.2.26 The material removal mechanism at the monoatomic layer (Si et al. 

2010) 

 

There are also some other methods developed by researchers to analyse the 

lapping/polishing process. Eitobgy et al. (2005) used Finnie’s erosion model to 

describe the penetration depth and volume of material removed in water jet machining. 

Pitschke et al. (2009) used neural networks to describe the optical polishing process. 

The models aforementioned are good for describe the material removal in a small area. 

However, since the low-pressure lapping process in this study involves less material 

removal, the mechanism needs to be further investigated. 

 

2.2 Surface measurement and characterization methods 

2.2.1 Surface characterization parameters 

Measuring capability decides the accuracy a machined surface that can be achieved. 

This is particularly true for ultra-precision machining. The form accuracy and surface 

roughness of the surface and are usually at micrometer to sub-micrometer scale and 

nanometer ranges respectively. These form error and surface roughness are 
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impossible to inspect by a human eye, and can only be measured by instruments. As 

a result, the development of ultra-precision machining depends on the progress of the 

measurement equipment. In this section, some surface characterization parameters 

are described first. Secondly, some existing techniques, which are used to measure 

the form and roughness of the ultra-precision machining components surface, are 

introduced. Thirdly, the method for measuring reflectance is presented. 

During 1940s, engineers generally accepted the use of roughness, waviness and form 

errors to describe a surface. As shown in in Figure 2.27, the roughness is considered 

as the irregularities on the surface after the manufacturing process. Waviness 

represents the machine tool behavior and form arise from the designed surface. 

Usually, the three components, roughness, waviness and form, are divided into 

wavelength bands: the smallest wavelength represents roughness, intermediate 

wavelength represents waviness and large wavelength represents form errors. Usually 

filtering techniques were used to separate these three components. Raja, et al. (2002) 

claimed that only filtering techniques can separate meaningful wavelength bands from 

different surface texture measuring instruments. In these three bands, waviness is the 

most difficult band to be separated from the profile. In the waviness filtering process 

for waviness, it is necessary to determine whether the waviness is a periodic band that 

can be detected on the entire surface. (Whitehouse, 2004). 
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Figure 2.27 Geometric components of a surface profile: (a) roughness, (b) waviness, 

and (c) form (Jiang et al. 2007) 

 

In 2002, TC-213 was created by the ISO Technical Committee to develop the 

Geometrical Product Specification (GPS) and Verification standards. After that, a 

paradigm shift occurred in surface metrology which meant that the surface 

measurement method changed from profile to areal (Jiang et al. 2007). All areal 

surface texture standards were covered in ISO 25178. The ISO 25178 standard 

contains two parts (Blateyron, 2013): 

a) The areal surface texture standards defined for specification and verification. 

b) Revises the existing profile standards to new areal standards. 
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Table 2.2 Height parameters for areal surface from ISO 25178-2:2012 

Parameters Notations Definitions Remark 

Sq Root mean square 

height of the scale-

limited surface 

1 1
2

,

0 0

1 N M

q x y

x y

s z
NM

 

 

   

EUR 15178 EN 

report/ISO 25178-

2:2012 

Sz Maximum height 

of the scale-limited 

surface 

Sum of the maximum 

peak height value and 

the maximum pit height 

value 

EUR 15178 EN 

report/ISO 25178-

2:2012 

Sa Arithmetic mean 

height of the scale 

limited surface 

1 1

,

0 0

1 N M

a x y

x y

s z
NM

 

 

   

EUR 15178 EN 

report/ISO 25178-

2:2012 

 

The main document defining areal parameters is in ISO 25178-2, published in 2012. 

The areal parameters are classified into five groups: height parameters, spatial 

parameters, hybrid parameters, functions parameters and miscellaneous parameters.  

Height parameters (Table 2.2) only describe the distribution of height along the z axis, 

and in regard to a mean plane obtained through the leveling of the mean square plane 

of the measured surface. The height parameters, root mean square height of the 

surface, can be expressed as: 

                        21
( , )q

A

s z x y dxdy
A

                          (2.5) 

It is interesting to note that the integral in Eq. (2.5) is usually replaced by the trapezoidal 

rule (i.e. Eq. 2.6) when evaluating digital data in metrology instruments. 

                          
1 1

2

,

0 0

1 N M

q x y

x y

s z
NM

 

 

                       (2.6) 

Other groups of parameters such as the spatial parameters are not related to this 

research and are not listed here.  
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2.2.2 Power spectrum analysis method in characterizing surface texture 

Power spectrum analysis method is widely used for obtaining more information on the 

characterizations of the fluctuations in the strength and periodicity of any signal no 

matter this is a force or undulations of a surface. The power spectrum method is an 

analyzing method which is used to assess the data through an autocorrelation function 

or Fourier transform of the data (Whitehouse, 2010). The autocorrelation function can 

be evaluated by using Fast Fourier Transform (FFT) to get the Power Spectrum 

Density (PSD) first, and then obtaining the autocorrelation. The relationship between 

autocorrelation function and PSD can be expressed as follows: 

                   

0

1
( ) ( ) ( )

L

A f x f x dx
L



 




 
                        (2.7) 

where the measured surface L  is finite. The limitation of measuring the 

autocorrelation function is that truncation may cause some problems in the frequency 

domain. Another way is to directly evaluate the data by measuring the power spectrum. 

The periodogram is obtained by transforming the real data, and the N  transform 

points correspond to N  real data points (Cheung, 2001). A convolution operation is 

usually used by applying a lag window in order to get a smooth main lobe. The PSD at 

a particular frequency can be expressed by 

       
2 2 2

0 1 0 1( ) 0.25( ( )) 0.5( ( )) 0.25( ( ))P F F F              (2.8) 

Where 1 , 0 , and 1  are adjacent frequencies. The power spectrum method is a 

useful method which can be used to extract several periodical components, like tool 

geometry and material properties, from the surface roughness profile in SPDT (Sata 
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et al. 1991). Jiang et al. (2007) also claimed that compared to the traditional machined 

surface, spectrum analysis is more suitable for obtaining a fine surface texture. 

In SPDT, the spectrum analysis method can extract periodical components from the 

surface roughness profile. Cheung and Lee (2001) studied the spectrum of tool 

geometry components, feed components and relative tool-work vibration components 

from a surface roughness profile. Yuan et al. (2016) use the spectrum analyzing 

method to evaluate the vibration between a diamond tool and the workpiece in surface 

generation. However, few researchers have used the spectrum method to analyze the 

surface in the ultra-precision finishing process. There is a common belief that surface 

roughness is a surface with arbitrary asperities, which implies the surface do not have 

much patterns in a spectrum. Zheng et al. (2010) compared the profiles of two polished 

surfaces by PSD. Li et al. (2011) used PSD to evaluate the roughness of perpendicular 

veins before and after finishing. However, they did not analyze the spectrums in detail. 

In the present study, the power spectrum analysis method is used to evaluate the 

surface roughness of the lapped surface, and the spectrum will be sub-divided into 

several parts in order to further study the surface generation mechanism of the lapping 

process. 

 

2.2.3 Methods for measuring reflectance  

Reflectance is a physical property which is used to describe the relationship between 

the incident light and the reflected light. Different materials have different reflectance 
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properties. These properties can be generally categorized as: specular and diffuse. 

Specular reflection (Figure.2.28 (a)) can be considered as mirror-like reflection which 

reflects the light to one angle. It usually occurs on glossy surfaces and is dominant for 

metals. Diffuse reflection (Figure. 2.28) on the contrary, reflects the incident light to 

many angles instead of a single angle as in the case of specular reflection. The 

mechanism of diffuse reflection can be explained by multiple scattering from a rough 

surface or subsurface scattering. As shown in Figure.2.28 (b), when the incident light 

propagates to the surface, part of the light is scattered on the surface and another part 

of the light directly goes through the surface and is scattered from the subsurface. As 

a result, the scattered light reflects back in random directions 

 

Figure 2.28 Schematic of specular reflection and diffuse reflection (retrieved from 

https://en.wikipedia.org/wiki/Diffuse_reflection) 

 

The principle of specular reflection is that after incident light is applied to the specular 
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surface, reflected light is formed on the same surface, and the angle between the 

incident light and the surface normal is the same as the angle between the reflected 

light and the surface normal. This behavior was first discovered through the scientific 

measurements by Hero of Alexandria (AD c. 10-70). However, the mechanism of 

diffuse reflection is more complex and is still being investigated by the researchers 

even up to now. In diffuse reflection, when the incident light arrives at the surface of 

the material, most of the light rays are reflected based on the law of reflection. Due to 

the matte surface, the actual surface at the micrometer scale is a series of small 

surfaces with different directions causing the light to be scattered. On the other hand, 

some of the light goes through the surface and arrives at the sub-surface (Hanrahan, 

1993). In the sub-surface, reflection occurs in the interface of the atoms in the material 

and finally is reflected back again. During the whole diffuse reflection process, some 

light rays are absorbed by particular materials that causes different reflectivity.  

In the diffuse reflection process, metals can provide a high reflectance effect as 

compared to other materials. However, metals still cannot 100% reflect incident light. 

Gennaro (2004) reported that when a silver film becomes extremely thin, the silver 

starts to become transmissive and only reflects 10% of the incident light. This 

observation shows the reaction between the incident light and the sub-surface of 

metals. In this thesis, the aluminium alloy samples used in the reflectance test were 

thick enough and the diffuse reflection is not considered in the experiments. 

The most common methods for the absolute measurement of specular reflectance are 
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the V-W methods developed by Strong in 1938. As shown in Figure 2.29, the 

reflectance of the auxiliary mirror is measured in the lower position (V) first, and then 

rotated 180 degree to the upper position (W). After that the sample is mounted in the 

center and the light is reflected in the same way as in the first measurement, except 

that the light is reflected twice on the sample. As a result, the reflectance of the sample 

can be determined as:  

                           ( / )Rs sqrt Rw Rv                            (2.9) 

where Rs  is the reflectance of the sample, Rw  is the reflectance measured the W 

position, Rv  is the reflectance measured in the V position. The V-N method is also a 

common method for measuring absolute specular reflectance. As shown in Figure 2.30, 

it measures the reflectance of the reference surface and the reflectance of the sample 

by moving one mirror and rotating another mirror. Researchers also developed other 

methods to measure the absolute reflectance, like the goniometer method and the 

integrating sphere method. 

 

Figure 2.29 Strong V-W type reflectometer (James 2001) 
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Figure 2.30 V-N type absolute reflectometer (Germer et al. 2014) 

 

Besides the absolute measurement, there is another easier method that just compares 

the intensity of the incident light and the reflected light (Lei et al. 2010). In this method, 

the relative reflectance can be measured. This method is usually used in qualitative 

analysis rather than quantitative analysis. Since the purpose of this research is to study 

the changes of the reflectance on the same material with different machining 

parameters, the method for measuring relative reflectance is used. 

 

2.3 Summary 

The level of development of ultra-precision machining technology is an important 

symbol of the industrial strength of a nation. Aerospace, military, deep-sea exploration 

et al. are all inseparable from ultra-precision precision machining technology. In this 

literature review, ultra-precision turning and ultra-precision post-processing technology 

are introduced. The principle of the existing ultra-precision lapping and polishing 

technology and their surface generation mechanisms are also discussed.  
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These techniques are either costly and have very low material removal rates, or easy 

to cause scratches on the surface of the soft material such as aluminum alloy during 

the lapping/polishing process. However, the periodic tool marks on the surface 

machined by diamond turning may cause scattering and affect the optical performance, 

and it is necessary to develop a relatively inexpensive and versatile lapping/polishing 

method to remove tool marks from these surface which made of soft metals such as 

aluminium alloy (Al6061). 

In addition, our recent work has revealed that the reflectance does not always increase 

monotonically with the surface roughness of the workpiece. The best reflectance 

occurs when the areal surface has small tool marks. As a result, a novel 

lapping/polishing method need to be developed to remove the tool marks from Al6061 

alloy while reserving the reflectance of the machined surfaces at the same time. 
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CHAPTER 3 STUDY ON REFLECTANCE 

CHARACTERISTICS OF AL6061 ALLOY 

SURFACE USED FOR THE LOW-PRESSURE 

LAPPING TECHNOLOGY 

3.1 Introduction 

The aluminium alloy (Al6061) is commonly used in ultra-precision machining because 

of its good machinability (Hashmi 2014, Ji et al. 2016, Ahmed et al. 2017), and this 

aluminium alloy is the preferred material for mirrors in spaceborne applications (Zhang 

et al. 2017). Such aluminium mirrors machined by ultra-precision machining 

technology have more stringent requirements on both the form accuracy and the 

surface roughness as compared to that of optical lighting system (Jeon et al. 2016). 

Previous studies have investigated the reflectance of metal alloy surfaces for different 

purposes, such as spaceborne applications or non-contact measurements. In these 

studies, factors such as the wavelength of the incident beam, the surface roughness 

and the material properties may affect the surface reflectance. Bennett and Porteus 

(1961) studied the reflectance of an optically polished surface, at normal incidence, 

with surface roughness. They determined that the reflectance was wavelength-

dependent. Whitley et al. (1987) reported that the specular reflectance increases for 

both nickel and stainless steel as the surface roughness decreases. Peiponen and 
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Tsuboi (1990) further investigated the optical reflectance of nickel, aluminium, copper 

and brass and reported that the reflectance is strongly affected by the surface 

roughness. Although different factors have been studied by researchers, there has less 

focused on reflectance when the surface roughness machined by single point diamond 

turning (SPDT) is in the nanometre scale. Lei et al. (2010) determined that the 

reflectance decreased when the tool mark spacing was less than 6 μm in single point 

diamond machining (SPDM), but they have not further studied this phenomenon. As a 

result, the reflectance characteristic of aluminium alloy (Al6061) mirrors when the 

surface roughness is in the nanometre range is investigated in this study, in order to 

optimize the machining parameters when turning the Al6061 mirror. 

Single point diamond turning is a very well-known method for producing ultra-precise 

Al6061 mirrors with surface roughness less than 10 nm and form errors less than 200 

nm (Abdullah et al. 2010). The surface roughness value of an ultra-precision face 

turned surface can be estimated by (Whitehouse 1994): 

                                

2

2

0.032 f
Ra

RV
                              (3.1) 

where Ra  is the ideal arithmetic surface roughness, f  is the feed rate, R  is the 

tool radius and V  is the spindle speed. Ultra-precision face turning, even when the 

feed rate is very low, is in general agreement with Eq. (3.1). As a result, a better surface 

finish can be expected with decreasing feed rate. However, the same trend does not 

apply to the reflectance. When the feed rate is very low, decreasing the feed rate 

produces a decrease in the surface roughness. However, in this study, it was observed 
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that the decrease in the surface roughness did not lead to a decrease in the reflectance 

of Al6061 mirrors when they are machined by SPDT. 

Considering the function of mirrors, reflectance is always more important than surface 

roughness. Under such circumstances, surface roughness is simply used by 

convention to assist in indirectly gauging the reflectivity of an aluminium mirror. In 

general, good surface roughness of an aluminium mirror was assumed to be a 

guarantee of good reflectance. However, this assumption might fail when the feed rate 

is decreased to a certain level, such that continuous chip formation cannot be 

maintained. It is the prime objective of this research to study this phenomenon 

experimentally and systematically. 

 

3.2. Materials and methods 

3.2.1 Materials and machine 

The Al6061-T6511 alloy (Figure 3.1) used in this study was supplied by Kaiser 

Aluminum Ltd., USA. The turning was performed on an ultra-precision machine 

450UPL (Moore Nanotech). The diamond tool used was C0.30mLGC from Contour 

Fine Tooling Ltd (Figure 3.2). The details of the materials used in the experiment and 

the turning parameters are shown in Table 3.1.  
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Table 3.1 Workpiece properties and cutting conditions 

 

Workpiece (Figure 3.1) Al6061-T6511 

Workpiece dimension (mm)  Diameter=23mm, Height=15mm 

Number of samples 15 

Cutting conditions  

Spindle speed (r/min) 1000 

Feed rate (mm/min) 1,2,3,4,5,6,7,8,9,10,11,12,13,14,15 

Depth of cut (μm) 5 

Diamond tool radius (mm) 0.318 

 

 

Figure 3.1 15 samples machined by SPDT with different feed rates 
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Figure 3.2. Measurement image of the diamond tool tip radius an Olympus BX60 

microscope 

3.2.2 Characterization methods 

First, the surface roughness was measured by a white light interferometer (Zygo 

Nexview) in the range of 700 ×700 μm2. Next, the reflectance of the same area on the 

samples was measured by the reflectance measuring system as shown in Figure 3.3, 

in which a 100 mW laser was used to measure on the workpiece surface (648 nm 

diode laser) and collected by a beam profiler (WinCamD UCD15). An integrating 

sphere was used to realize the photometric integration (Gindele et al. 1985, Huang et 

al. 2016). The reflectance was determined by a comparison between the relative power 

oI  of the sample and a flat mirror rI  (protected silver mirror PF-10-03-P01 from 

Thorlabs, Inc). The relative reflectance can be expressed as /r o rR I I . 
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Figure 3.3 Reflectance measuring device 

3.3. Results and Discussion 

From the results, it is interesting to note that when the feed rate was below 7 mm/min, 

the values of the normalized reflectance became unstable (Figure 3.4) and tended to 

fluctuate between 84% and 90%. It is possible that the chip formation could not be 

consistently maintained as continuous because the decrease in the feed rate may have 

caused a burnishing or rubbing dominated mechanism, instead of the cutting process 

(Rahman et al. 2017). 

The chip formation ceased to be continuous ( see Figure. 3.5) when the feed rate was 

below 3 mm/min. Due to the chip formation becoming unstable, the decrease of the 

surface roughness did not result in a decrease in the normalized reflectance.  
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Figure 3.4 Results of normalized reflectance of 15 samples machined by Single Point 

Diamond Turning 

 

Figure 3.5 Chips measured by the Hitachi electron microscope TM3000, (a) feed rate 

is 7 mm/min, (b) feed rate is 3 mm/min 

When the feed rate was further reduced from 3 mm/min to 1 mm/min, the surface 

roughness was reduced from 7 nm to 5 nm. However, such an improvement of the 

surface roughness is not favourable for aluminium mirrors because it is achieved at 

the cost of a reduction in the normalized reflectance, which decreased from 90% to 

82%. 

Based on the above results, the optimal feed rate for face turning Al6061 alloy is 
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between 3 mm/min and 7 mm/min for a depth of cut of 5 μm. Using EDX analysis 

(Figure 3.6), it was determined that the Mg2Si particles on the machined surface 

increased for samples being cut at a lower feed rate, and the Mg2Si particles tended 

to align with the cutting direction when the surface was machined at a feed rate of 1 

mm/min (see the arrow in Figure 3.6).  

For the sample cut at a feed rate of 1 mm/min, the Mg and Si content was 1.07 wt% 

and 1.04 wt%, respectively, and for the 7 mm/min sample, they were 0.76 wt% and 

0.81 wt%, respectively. To exclude the effect of the used material itself, a verification 

cutting experiment was conducted by separately machining two new samples with a 

feed rate of 1 mm/min and 7 mm/min, in order to confirm that the amount of Mg2Si did 

increase when the feed rate was low. As shown in Figure. 3.7, the results indicate that 

the surface machined at a feed rate of 1 mm/min has more Mg2Si (white colour 

particles on the surface) than the surface machined at a feed rate of 7 mm/min; the 

reflectances were 0.84 (1 mm/min) and 0.93 (7 mm/min). This result infers that the 

reflectance of Al6061 alloy does not always monotonically decrease with decreasing 

surface roughness. 

Since the SPDT temperature is approximately 30°C to 70°C when cutting metals with 

hardness (HRB) less than 90 (Yen 2004, Mandal et al. 2013, Childs et al. 2015), it is 

unlikely to cause any phase transformation on the surface because the cutting 

temperature is not high enough. As a result, the reason for the changes in the amount 

of Mg2Si particles is likely due to the low feed rate (1 mm/min) causing a burnishing 
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effect (Rahman et al 2017): the Mg2Si particles were firmly pressed to the surface 

rather than being removed or knocked-out as shown in Figure 3.8, and these remaining 

Mg2Si particles caused the reduction of the reflectance of the Al6061 alloy. However, 

further work is needed to gain better understanding about the possible mechanisms 

regarding this observation.  

 

Figure 3.6 SEM images and EDX results of surfaces when feed rate are 1mm/min (a) 

and 7mm/min (b) separately 

 

Figure 3.7 Verification experiment: SEM images of surfaces when feed rate are 

1mm/min (a) and 7mm/min (b) respectively 
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Figure 3.8 (a) Si phase was removed when feed rate is under optimal condition (b) Si 

phase embedded into surface when feed rate is too small 

 

3.4. Summary 

An assessment method was developed using an integrating sphere lumens 

measurement system to assess the reflectivity of a single point diamond turned surface 

of Al6061 alloy. This assessment method exhibited sufficient precision for assessing 

the reflectance of a machined surface. 

Based on this method, it was determined that the reflectance of Al6061 alloy does not 

always monotonically increase with a decrease in the surface roughness. An optimal 

feed rate range exists (3 mm/min - 7 mm/min in this study), and when the feed rate is 

larger than 7 mm/min, the Al6061 surface roughness is decreased as the feed rate 

decreases; therefore, this smoother surface causes the reflectance to increase. When 

the feed rate is decreased from 7 mm/min to 3 mm/min, the surface roughness 
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continues to decrease, but the reflectance stabilizes, remaining at the same level. 

Below 3 mm/min, the chip formation is unstable, and the reflectance of the machined 

surface is unfavorably reduced as the feed rate decreases as shown in Figure 3.9. 

 

Figure 3.9 The reflectance decreased when the feed rate is lower than 3mm/min (tool 

radius: 0.318 mm, spindle speed: 1000 rpm/min, DoC: 5μm)
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CHAPTER 4 DEVELOPMENT OF A LOW-

PRESSURE LAPPING TECHNOLOGY AND THE 

OPTIMIZATION OF THE LAPPING PARAMETERS 

Single point diamond turning of soft metals can provide shiny surfaces with optimal 

feed rate, however tool marks would be left on the surface. If the feed rate is too slow, 

the roughness of the surface can be improved but the reflectiveness would be 

decreased on Al6061 alloy surface. As a result, it is necessary to develop a lapping 

technology to reduce the roughness by removing the tool marks, while the 

reflectiveness can be kept at the original level simultaneously.  

In this chapter, a novel lapping technology is developed which makes use of strands 

of wool fibers to deliver the abrasive slurry to rub against the moulds. It is proposed for 

removing the tool marks on the Al6061 alloy mould by lapping. Since the surface finish 

is mainly controlled in this study, form accuracy might be the focus. 

Even though the normal pressure applied by the wool strands onto the mould surface 

is very low, the coefficient of friction would be increased significantly with the 

application of the abrasive slurry. The combined effect provides a relatively large shear 

force to lap the surface with a minimal normal force. As a result, the proposed method 

can theoretically avoid damaging the workpiece surfaces while effectively removing 

the irregularities that appeared on the surfaces. 
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In order to evaluate the proposed lapping method, the tool marks were lapped under 

different lapping conditions (e.g. speed, grit size, time and pressure) so as to find out 

the relationship between these parameters and the surface roughness, with the same 

profile of the mould. Secondly, the optimal lapping parameters were designed based 

on the above lapping results to deduce the best lapping solution for processing the tool 

marks. Thirdly, the lapped surface profile of the mould was tested by an optical profiling 

system and the features of the surface can be categorized into various spectral 

distribution groups. Finally, it is verified that based on our proposed methodology by 

comparing the variation of the spectral distribution groups. Selective removal of 

surface spectral groups of the features becomes possible. 

4.1. Introduction 

There are ever increasing forces driving the miniaturization and higher optical 

performance of electronic products, which in turn demand smaller and smaller form 

errors together with better surface finish. However, it is never an easy task to cater for 

both of these demands simultaneously.  In these circumstances, form errors are 

always prioritized because these lead to significant image quality deterioration. This 

does in no way imply that surface roughness is not important, but means that it needs 

to be taken care of right after the turning process, usually by a combination of lapping 

and polishing processes.  

Lapping contains the mutual movement of the abrasive particles between the two 

contact surfaces (DIN 8589-15 1985). It can be roughly divided into two types: one is 
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grinding, that is, the abrasive grains are in contact with the hard surface to produce 

material removal, and the other is to generate a smooth surface by material removal. 

The common purpose of both types is to produce a smooth surface as much as 

possible to reduce the time for subsequent polishing (Marinescu et al. 2006). Lapping 

usually removes a small account of material (Sanchez et al. 2011). Sanchez et al. 

(2011) described the lapping process as the lapping pad that drives the abrasive 

particles to move on the surface of the workpiece. Compare to polishing process, the 

abrasive particles are rolled on the surface of the workpiece rather than sliding under 

the driving of the lapping pad in lapping process. 

Tool marks are usually removed by a polishing process. Cao et al (2014) used Fluid 

Jet Polishing to remove tool marks. They studied the material removal characteristics 

by proposing a computational fluid dynamic model. They pointed out that it is difficult 

to accurately describe the surface generation mechanism due to too many parameters 

involved in the polishing process. To polish relatively soft but brittle KDP crystals, Chen 

et al. (2015) adopted the magnetorheological (MRF) polishing method. The polishing 

is essential to enhance the performance of KDP crystal to be used in high power laser 

systems. The purpose of MRF was to improve the surface roughness and to remove 

the tool marks due to SDPT. To achieve this purpose, recrystallization of KDP during 

the polishing process must be prevented. Guo and Jiang (2015) proposed a corrective 

finishing method for micro-aspheric mounds made of tungsten carbide that aimed at 

obtaining form accuracy down to tens-of-nanometers and surface roughness to sub-
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nanometers. The corrective polishing was based on a dwell time algorithm derived 

from a uniform polishing experiment. In order to maintain the stability of the polishing 

force, he also developed a tilting angle control method. Yin et al (2015) developed an 

optimal polishing conditions using the Taguchi Method for reducing surface roughness 

and for removing tool marks. 

Even though the polishing process can improve the surface quality by removing tool 

marks (Shiou et al. 2016), Ho and Tso (Chuang et al. 2006) stated that if the lapping 

process was used before polishing to remove tool marks, the surface roughness would 

be improved and the form accuracy would be preserved. Also, they reported that there 

were three key factors affecting the lapping performance: abrasive particle size, type 

of lapping head and the uniform distribution of polishing pressure (Lewandowski et al. 

2015).   

To reduce the surface roughness and to maintain form accuracy, a low-pressure 

lapping process is much needed. The purpose of this process is to remove the tool 

marks on the mould without damage to the profile of the mould. Lapping is a finishing 

process. However, in this work, the process is named as lapping because the nature 

of the process is to remove tool marks and not to produce debris that is large enough 

to produce scratch marks. The success of the low-pressure lapping technology will 

improve the brightness and contrast of the captured images which in an aesthetic 

sense constitutes a definitive criterion for determining whether the lens is for amateur 

or for professional use.   
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4.2. Experimental setup  

In this study, a low-pressure lapping system, which consists of four parts including: 

rotation spindle, brush, beaker and tilt platform, which has been developed in the State 

Key Laboratory of Ultra-precision Machnining Technology. It is used to achieve the 

above purposes as shown in Figure 4.1, the workpiece is placed in the slurry. The 

abrasive particles in the slurry are driven by the rotating brush and roll on the workpiece 

surface. When the abrasive particles reach sufficient speed, the particles start to 

impinge on the asperities on the workpiece surface (Figure 4.2). When the impact force 

of abrasive particles is large enough to reach the yield strength of the workpiece 

material, the deformation of the contact area between abrasive particles and asperities 

on the workpiece surface changes from elastic deformation to plastic deformation and 

eventually cause the material to be worn off. As stated earlier, the objective of lapping 

is to remove the tool marks appearing on the mould by lapping without damaging the 

profile of the mound. In this regard, free abrasive lapping is always preferred and the 

abrasive grains are applied directly to a lapping plate.  
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Figure 4.1 Experimental setup 

 

 

Figure 4.2 Schematic of the low-pressure lapping method 

 

For shape preservation and the maintenance of form accuracy, the lapping pressure 

must be low. Strands of wool fibers can be used because they can effectively deliver 

the abrasive slurry onto the workpiece without inserting any significant normal pressure 

(5 times smaller than traditional pressure). Each strand consists of around 20,000 

fibers, which are then rolled and mounted into a hollow cylindrical brush holder (8mm 

in diameter). Without inserting any normal force onto the workpiece, the SiO2 particles 
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are expected to roll rather than to slide on the surface of the workpiece. The fibers 

drive the SiO2 particles towards the workpiece by skin friction, facilitating the SiO2 to 

rotate. As the fibers are very soft, a small vibration may occurred on the rotating brush 

when the brush is misaligned with the axis of the spindle clamp during installation, it 

does not notably affect the lapping performance in the experiment. 

The brush was mounted on a rotational spindle (IKA EURO STAR60), with a rotational 

speed ranges from 0 rpm to 2000 rpm. 500ml of slurry was poured into a beaker, and 

was then placed on a tiltable platform (Figure 4.1). A Tilt platform is used to avoid the 

zero speed area in the center of the brush. The tillable platform together with slurry 

containing beaker was placed underneath the rotation spindle. The workpiece material 

used in this study was Al6061. The samples, used in the lapping experiment, were 

machined by single point diamond turning (SPDT) (Figure 4.3) and the cutting 

parameters are listed in Table 4.1. The surface roughness (Ra) was 20.27 nm. The 

height of the tool marks was 80nm. 

 

 Figure 4.3 Workpiece machined by SPDT 
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Table 4.1 Diamond turning parameters 

Sample size R=70mm H=15mm 

Sample material Al6061 

Diamond tool radius 2.5 mm 

Depth of cut 5 um 

Feed rate 40 mm/min 

Spindle speed 1000 rpm 

 

In order to remove the tool marks from the surface, the workpiece was immersed in a 

bath of abrasive slurry. The Taguchi method was used to investigate the parameters 

affecting the surface generation in the lapping process (Choi et al. 2015), and is widely 

used in the ultra-precision manufacturing area (Cheung et al. 2010, Wang et al. 2010). 

In this Chapter, Taguchi analysis was used to investigate the factors which most affect 

the lapping process. Furthermore, the optimal lapping conditions that can generate a 

better surface roughness, with a higher form accuracy, would be identified. A Taguchi 

array（L9）was chosen for investigating and optimizing the lapping process. The four 

three-levelled factors are shown in Table 4.2. Table 4.3 shows the L9 orthogonal array 

used in the experimental design. The arithmetic roughness parameter Ra was used to 

analyze the results. The workpiece surface was measured by a Wyko NT8000 optical 

profiling system as Figure 4.4 shown. 

 

Table 4.2 Factors and levels selected for the study 
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Factors Level 1 Level 2 Level 3 

Rotational speed 

(rpm) 

500 1000 1500 

Grit size (nm) 15 72 1500 

Lapping time (min) 5 10 20 

Lapping pressure 

(bar) 

0.0062 0.0124 0.0186 

 

 

The 3D profile was first measured by Wyko. 2D files were then extracted numerically 

from the measured 3D profiles and transformed into a power spectra using FFT. The 

spatial spectra cover the spatial distribution groups as shown in Table 4.4 

 

Figure 4.4 Wyko NT8000 optical profiling system 
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Table 4.3 Experimental design with L9 orthogonal array used 

Trial Rotational speed 

(rpm) 

Grit size (nm) Lapping time 

(min) 

Pressure (bar) 

1 500 15 5 0.0062 

2 500 72 10 0.0124 

3 500 1500 20 0.0186 

4 1000 15 10 0.0186 

5 1000 72 20 0.0062 

6 1000 1500 5 0.0124 

7 1500 15 20 0.0124 

8 1500 72 5 0.0186 

9 1500 1500 10 0.0062 

 

Table 4.4 Spatial distribution groups 

Spatial 

Distribution 

Group 

I II III IV 

Spatial Period 

( m ) 

0.5-0.7 0.7-0.9 0.9-1.1 1.1-1.3 

 

 

4.3. Results and Discussion 

The results of surface roughness measurement using the Taguchi method are 
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summarized in Table 4.5. Table 4.6 shows the improvement and effectiveness of 

surface roughness under different lapping conditions.  

                         ( )a a bef a aftR R R                            （4.1） 

                     ( / ) 1 0 0 %a a a f tR R                               (4.2) 

where Ra  is the improvement of the surface roughness, a befR   is surface 

roughness before the lapping process, a aftR   is surface roughness after lapping 

process, and   is effectiveness. 

The analytical process estimates the improvement of the surface roughness. In 

addition, the main effect plot of each parameter is shown in Figure 4.5. It is interesting 

to note that some combinations of lapping parameters could remove materials from 

the surface more effectively, and the smallest surface roughness is generated in trial 

6. This indicates that different combinations of lapping parameters can significantly 

affect the surface generation. As mentioned previously, the low-pressure lapping 

method prioritizes form accuracy over roughness. A lapping trial was conducted under 

the predicted condition, from the results, it can be seen that the surface roughness 

decreases from 20.27 nm (Figure 4.6) to 15.59 nm (Figure 4.7). The subsequent 

lapping under optimal conditions further improves the surface roughness to 11.73 nm 

as shown in Figure 4.8. The tool marks on the surface were almost completely 

removed from the surface, and it is difficult to see any scratches on the surface by the 

Wyko NT8000 optical profiling system. 

  

Table 4.5 Effect of process parameters on tool marks removal 
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No Before lapping After lapping 

1 

 
 

2 

  

3 

  

4 

 
 

5 
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6 

  

7 

  

8 

  

9 
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Figure 4.5 Main effects plot of each factor 

 

Table 4.6 Results of surface roughness measurement 

No Ra before 

lapping  

(Ra bef)(nm) 

Ra after lapping 

(Ra aft)(nm) 

Improvement  

(nm) 

Effectiveness 

% 

1 12.67 11.63 1.04 8.20 

2 12.39 9.06 3.33 26.87 

3 12.78 7.41 5.37 42.02 

4 12.27 11.07 1.20 9.77 

5 12.17 8.83 3.34 27.44 

6 13.67 4.53 9.14 66.86 

7 13.81 9.46 4.35 31.49 

8 12.33 7.19 5.14 41.68 

9 14.09 10.57 3.52 24.98 
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Figure 4.6 Workpiece surface before lapping (Ra:20.27 nm) 

 

Figure 4.7 Workpiece surface under optimum lapping conditions in first trial 

(Ra:15.59 nm) 

                 

Figure 4.8 Workpiece surface under optimum conditions in second trial (Ra:11.71 

nm) 
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The Spatial Distribution of the surface profile presented in this chapter shows Spatial 

Amplitude versus Spatial Period, in which Fast Fourier Transforms (FFT) were used to 

determine spatial amplitudes. The Power Spectral Density (PSD) is used to analyse 

the surface profile in this chapter. Specific spatial group is used to express the 

roughness of the surface of the workpiece in the frequency domain. This spatial group 

is named Equivalent Spatial Surface Roughness (ESSR) in this thesis. ESSR is 

calculated in a manner to be identical to that of aR  except that it is specific to a 

particular spatial group and is only an equivalent term because it cannot fulfill the 

requirement of any well-received standard measurement of surface roughness. This 

term DSSR allows for a more intuitive comparison of the surface roughness results 

detected by the Wyko NT8000 optical profiling system. 

As shown in Figure 4.9, the micrograph provides a typical case of non-excessive 

lapping. The main goal of this low-pressure lapping method is to remove the tool marks 

from the surface of the workpiece without changing the surface form. In other words, 

this lapping method requires only lap specific features. In this research, these features 

are categorized in a preferred spatial group (PSG) while leaving the other spatial 

groups relatively untouched. For the sample as shown in Figure 4.9, most of the 

lapping work was done on group IV (23.40%). As long as the lapping time was not 

excessive, the ESSRs decreased with time for Spatial Groups IV. The SEM monograph 

also shows that there were no scratches formed when the workpiece was machined 
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under non-excessive lapping (Figure 4.11). 

 

 

Figure 4.9 Spatial Distribution of surface profile comparison between original surface 

(Figure 4.6) and lapped surface (Figure 4.7). Most of the lapping work was done on 

group V(23.40%) 

 

Figure 4.10 Spatial Distribution of surface profile comparison between lapped surface 

in first trial (Figure 4.7) and lapped surface in second trial (Figure 4.8). Major change 

in spatial groups shift from long and short period (IV) to middle periods (I II III) 
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As shown In Figure 4.10, it is found that the PSG was forced to shift from short periods 

(IV) to long periods (I, II and III) (Table 4.7) as the lapping time increased. The changes 

of the longer period spatial groups (I, II and III) gave a very good indication of the actual 

changes that occurred on the form features rather than the surface roughness. As a 

result, the proposed method can detect the occurrence of excessive lapping.  

  

Figure 4.11 SEM: The material surface under 2000X magnification. No scratch 

occurred on the surface when the workpiece is under non-excessive lapping 

 

Table 4.7 Change rate of Trial 1 is the comparison between the original surface with 

the lapped surface. Change rate of Trial 2 is the comparison between the lapped 

surface in trial 1 and the lapped surface in trial 2. 

Spatial 

distribution group 

I II III IV 

Spatial period 

( m ) 

0.5-0.7 0.7-0.9 0.9-1.1 1.1-1.3 

Change rate after 

Trial 1 

9.46% 3.38% 8.57% 23.40% 

Change rate after 

Trial 2 

69.58% 73.29% 72.56% 69.48% 
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Figure 4.12 Reflectance of Al6061 mirror before lapping (a), after lapping by low-

pressure lapping method (b), after lapping by conventional bonnet polishing 

4.4. Summary 

In this Chapter, a novel lapping method is proposed, in which the Taguchi method was 

used to investigate the effects of different lapping conditions on aluminium alloy 

(Al6061). Based on the results, an optimal condition was found that could produce 

fewer scratch marks, better surface finish and less damages with regard to the form 

accuracy. The results show that the Taguchi method is an effective method for finding 

the optimal lapping condition and the predicted values.  

Moreover, this approach is more consistent with our prior experimental findings 

whereby increasing lapping time shifts the PSG to a higher period (lower frequency). 

The underline reason for this result is possibly due to the fact that the optimal speed 

(1500 rpm) and time (20 min) are critical in this experiment. As the lapping time 
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increases, debris may be generated and leads to excessive lapping and damage to 

the profile of the surface. The Spatial Distribution of the surface profile method 

proposed in this Chapter provides a new way to evaluate special surface conditions 

which cannot hardly be assessed by traditional methods. This new assessment 

method provides a clearer way to control the lapping process and to avoid the 

occurrence of excessive lapping.  

In addition to obtain a better surface finish, the advantage of this new low-pressure 

lapping method is that it can preserve the reflectance of Al6061 surface as compared 

to conventional polishing method as shown in Figure 4.12. As a result, the new lapping 

method is suitable for lapping soft metals and detailed surface generation mechanism 

is investigated in the next chapter. 

 

 



      Chapter 5 Investigation on Surface Generation Mechanism of the 
Low-pressure Lapping technology 

84 

 

CHAPTER 5 INVESTIGATION ON SURFACE 

GENERATION MECHANISM OF THE LOW-

PRESSURE LAPPING TECHNOLOGY 

5.1 Introduction 

The lapping and polishing process is complicated because it involves many aspects 

and associated parameters. As mentioned in the literature review, lapping and 

polishing parameters can be broadly divided into process parameters and material 

parameters. In the previous chapter, the technical feasibility of the new low-pressure 

lapping technology has been verified under different process parameters, but it did not 

discuss the effect of material parameters on the lapping technology. As a result, this 

chapter is mainly concerned with investigating the influence of material parameters on 

the lapping results, and the surface generation mechanism in using this method is 

investigated through a series of lapping experiments.  

This chapter is divided into three parts. The first part studies the hydrodynamic effect 

of this new lapping method by lapping an Al6061 mirror considering different material 

parameters. In the second part, the influence function of this lapping method is 

discussed. The last part discusses the surface generation mechanism of the method 

based on the results of the first two parts which lays the foundation for modeling and 

simulation work discussed in the next Chapter 
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5.2 Part I: hydrodynamic effect  

In the lapping process, the choice of the lapping pad is important. In this project, since 

the sample is made of soft metal, in order to avoid scratches on the surfaces, the first 

consideration is that the fiber of the lapping pad is sufficiently soft. In general, fine 

polishing, wool felt is used as the polishing pad to avoid scratches, As a result, the 

wool was chosen as the lapping pad in this research. In addition to the softness of the 

lapping head, it is also necessary to consider the pressure applied by the lapping head 

on the workpiece. When the pressure is large, abrasive particles may be pressed into 

the surface of the workpiece and cause scratches under the driving force of the lapping 

pad. As a result, a brush was used as the lapping head. In the experiment, the wool 

fiber contacts the workpiece with almost no pressure and drives the slurry for lapping. 

The wool brush was compared with the wool polishing head used in bonnet polishing. 

As it can be seen from the results, although bonnet polishing used small pressure 

during polishing, which only lasted for one minute, it still left a lot of scratches on the 

Al6061 mirror surface (see Figure 5.1 (a)). On the contrary, the mirror surface with a 

brush lapped still remained super mirror surface as shown in Figure 5.1 (b). As a result, 

it is interesting to note that the lapping/polishing result with the same lapping/polishing 

fibers but under different pressures is very different in the process of lapping/polishing 

soft metals such as the Al6061 aluminium alloy. 
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Figure 5.1 Result of Al6061 mirror surface polished by (a) Bonnet polishing method 

(Inclination angle: 5o, pressure: 0.1 bar, rotational speed: 1000 rpm, time: 1 min) and 

(b) low-pressure lapping method 

 

In order to further verify whether wool is suitable as the lapping pad and investigate 

the hydrodynamic effect of the new lapping process, three different brushes were used 

in this experiment. These three brushes were made of different animal fibers and had 

different diameters and hardness (Table 5.1). Each brush lap the Al6061 mirror without 

media, with water as the medium and with a SiO2 slurry. The specific lapping 

parameters and results are shown in the Table 5.2. 
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Table 5.1 Three different fiber used in the experiment 

Fiber 

type 

Bottom of the fiber Tip of the fiber 

Wool 

  

Rabbit 

hair 

  

Weasel 

hair 
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Table 5.2 Results of hydrodynamic effect under different lapping fibers 

 

Polishing the Al6061 mirror with no medium (Rotational speed 1000 rpm, time 15 

min) 

 

Wool 

 

 

 

 

 

 

 

 

 

 

 

 

Rabbit 

hair 

 

 

 

 

 

 

 

 

 

 

 

Weasel 

hair 
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Polishing the Al6061 mirror in water (Rotational speed 1000 rpm, time 15 min) 

 

Wool 

 

Rabbit 

hair 

 

Weasel 

hair 
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Polishing the Al6061 mirror with SiO2 slurry (Rotational speed 1000 rpm, time 15 

min) 

 

Wool 

 

Rabbit 

hair 

 

Weasel 

hair 
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It can be seen from the results as shown in Table 5.2 that there was almost no material 

removal during the lapping process in using the three brushes when there was no 

medium during the lapping process. Lapping in water also has less effect on the 

surface of the workpiece. When the medium was changed to a polishing slurry, it was 

apparent that the material was removed from the Al6061 surface. Among them, wool 

had the best result, and the worst was weasel hair. Lin et al. (2016) claimed that the 

friction of the wool, rabbit and weasel hair are about 0.830, 0.692 and 0.303 

respectively. As a result, the reason for this result is that the larger friction and 

coarseness of the fiber can effectively drive the abrasive grains along the workpiece 

surface. Thereby the abrasive particles can achieve sufficient momentum to remove 

the surface material. 

From the experimental results, it can be concluded that, when the polishing process 

has no slurry, the surface of the workpiece is substantially unchanged, so it can be 

said that in this new low-pressure lapping method, the particles in the polishing liquid 

play the main role not the brush. 

 

5.3 Part II: Influence function 

The influence function is an important indicator in the lapping/polishing process. The 

influence function determines the removal rate of the polishing method and can be 

used to compensate in the polishing. In this part, according to the conclusion in 

Chapter 4, wool is used as the lapping pad, and SiO2 is used as the slurry to investigate 
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the influence function of the new low-pressure lapping method. The lapping 

parameters are shown in Table 5.3. Both sets of experiments were lapped on a fixed 

point on the workpiece surface, the only difference is the lapping time. 

Table 5.3 Lapping parameters of the two experiment for investigate the influence 

function 

 Rotational 

speed 

Time Lapping pad Slurry 

Trial 1 1000 rpm 30 min wool SiO2 

Trial 2 1000 rpm 60 min wool SiO2 

 

 

 

Figure 5.2 Al6061 mirror surface lapped for 30 min (a) and the cross section plot of 

this surface (b) 
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Figure 5.3 Al6061 mirror lapped for 1 hour (a) and the cross section plot of this 

surface (b) 

 

It can be seen from the experimental results that the removal rate of the new lapping 

method is very small, and the removal function is not similar to the conventional 

Gaussian distribution. The reason for this result may be due to the fact that the 

pressure of the lapping pad is very small, with the abrasive grains always sliding or 

rolling on the surface of the workpiece during the lapping process, so that there is a 

small material removal rate.  
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To further verify this observation that the removal rate is low, another set of samples 

with large tool marks were also lapped by this low-pressure lapping method for 30 

minutes and one hour, respectively. The experimental results are shown in Figure 5.4. 

The original surface height of the workpiece in this experiment was 1.3 μm, which was 

reduced by up to 0.29 μm after lapping. 

 

Figure 5.4 Cross section plot of Al6061 surface after lapping for 30 min (a) and 1 

hour (b) 

 

It was again verified by the experiment that the material removal rate in this lapping 

method is very small. It is difficult to describe its influence function with a removal 
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function. It is found that this lapping method is suitable for lapping soft metal mirrors, 

which can reduce the surface roughness without affecting the surface form, and the 

process may also be suitable for lapping soft metal with complex surfaces, such as 

lenticular lenses or free-form surfaces. However, this method may be difficult to apply 

on harder materials. 

As shown in Figure 2.5 and Figure 2.6, the material removal rate is not a very stable 

function. The removal function depends on the state of the fiber and where the abrasive 

particles are during the high-speed rotation process. Referring to the results in Chapter 

4, it is known that the lapping time of this method in the fixed point lapping process is 

better than 20 minutes at the same time,. As a result, the lapping head or the workpiece 

should not be fixed at a particular point during actual lapping process, so that the fiber 

can be prevented from forming a stable bond during rotation. 

For practical applications, a hexapod can be used to hold the workpiece and move 

along the lapping path. The path can be set based on the size and shape of the 

workpiece lapped area. As shown in Figure 5.5, when the workpiece is moving along 

a path (see Figure 5.5(b)), the cross section plot (Figure 5.5(d)) of the lapped surfaces 

indicate that this polishing method was a relatively small but stable removal rate.  
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Figure 5.5 Al6061 surface lapped when the workpiece is continue moving through the 

lapping path 

5.4 Part III: surface generation mechanism 

From the results of Chapter 4, it can be seen that when the rotational speed is low, the 

change of the polished surface is small. In section 5.1, it was shown that the abrasive 

particles play a major role in the lapping process which indicates that the surface 

generation mechanism is mainly due to the interaction between the abrasive particles 

and the workpiece. Figure 5.6 shows a measurement image of the original workpiece 

surface and the lapped surface by the low-pressure lapping method under the 

optimized parameters. 
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Figure 5.6 Measurement image of the original Al6061 surface (a) and lapped surface 

(b) by Olympus BX60 microscope 

 

As shown in Figure 5.6, the left side is the unlapped surface and the right side is the 

lapped surface. It can be seen from Figure 5.6(b) that the form of the workpiece surface 

has not been changed after lapping and the tool mark is removed from the surface. In 

this lapped surface, it is hard to see pits and scratches. By comparing Figure 5.6(a) 

and 5.6(b), it can be seen that there is no trace of the Chemical Mechanical Polishing 

(CMP) process on the workpiece surface, such as the etching layer, before and after 

lapping. As a result, this low-pressure lapping process is mechanical polishing rather 

than CMP. Research studies have also indicated that lapping Al6061 alloys with 

colloidal silica slurry (SiO2 particle dispersed in the slurry) as the lapping/polishing 

liquid is a mechanical lapping/polishing process (Toozandehjani et al. 2016, Sabirov et 

al. 2010).  

In the mechanical lapping process, the contact process between the particles and the 
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workpiece determines the surface generation mechanism. In this research, the 

diameter of the wool fiber was around 100 nm, and the diameter of the abrasive particle 

was 15 nm. Studies have shown that SiO2 particles are generally circular in the slurry 

(Turley 1981). As a result, the possible modes of interaction between a particle and 

the workpiece surface can be generalied into three categories: 

Mode 1: The abrasive particles roll freely on the surface of the workpiece. The 

efficiency of material removal would be small, close to zero. 

Mode 2: The abrasive particles plow a groove on the surface of the workpiece, and 

the material in the groove is extruded to the front and sides of the groove. In this case, 

the material removal rate is also close to zero, but the material stacked on the edge of 

the groove may be taken away by the subsequent abrasive particles.  

Mode 3: The abrasive particle cuts a groove while a long strip of chip is removed from 

the groove. Ideally, the material is completely removed from the groove, and the 

material removal rate is close to 100%. 

Mode 1 is usually called three body abrasion, and the other two are generally known 

as two-body abrasion. Since the metal surface is soft, the abrasive particles move at 

a high speed under the action of the fiber, and may be embedded in the workpiece 

surface, thereby changing from mode 1 to mode 2 or mode 3. However, since the 

material removal rate of this lapping method is very low, the mode 1 should play the 

main role. 

It can be seen from the SEM image that some mottled surfaces are formed on the 
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lapped surface (Figure 5.7), and some platelet-like materials are taken away during 

the lapping process (Figure 5.8). Some researchers believe that when the abrasive 

particles are small, to a certain extent, such as less than 0.5 micrometer, the main 

mechanism in the lapping process is platelet delamination. However, it is still hard to 

explain why there is a wide range of scratch-free areas on the lapped surface. 

 

Figure 5.7 Mottled surface after lapping process (Rotational speed 1000 rpm, Time 

15 min, Slurry: SiO2) 

 

Figure 5.8 Platelet-like debris on the surface after lapping process (Rotational speed 

1000 rpm, Time 15 min, Slurry: SiO2) 
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For a single abrasive particle, it can microcut or plow the workpiece surface during the 

lapping process. However, it can be seen from the SEM image in Figure 5.9, the groove 

is rarely produced on the surface during the lapping process. In addition, the abrasive 

particles themselves are relatively round. As a result, the single particle erosion 

mechanism only occupies a small proportion of material remove in the low-pressure 

lapping process. 

For the mechanism in which the abrasive particles are embedded on the fiber to form 

a cantilever system to produce a removal rate, the surface of the workpiece should 

have many shallow, long scratches. Although this method makes it is easier to lap a 

mirror surface, it can be seen from Figure 5.9 that only one shallow and long scratch 

exists. As a result, this mechanism is not suitable for this lapping method. 

 

 

Figure 5.9 Long scratch on the lapped surface (Rotational speed 1000 rpm, Time 15 

min, Slurry particle: Al2O3) 
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Micromachining by abrasives contained in a carrier paste is a mechanism which has 

no microcutting behavior. This mechanism requires the lapping pad to be softer than 

the workpiece and the abrasive particles to be sufficiently small. At the same time, the 

abrasive particles should be easily embedded on the fiber. In this low-pressure lapping 

process, the fiber of the brush is far softer than the surface of the workpiece, the 

abrasive grain is much smaller than the fiber and because the fiber has a good friction, 

the abrasive grain should be easily embedded on the fiber or driven by the fiber for 

high-speed motion. As a result, this mechanism is more suitable for the low-pressure 

lapping process. The high-speed movement of the abrasive particles means that there 

is sufficient momentum to laterally impact the surface. When the momentum is 

accumulated to a certain level, the asperities on the surface of the workpiece are worn 

away, thereby reducing the surface roughness. 

Through the above discussion, the possible mechanism for the low-pressure lapping 

method is that the fiber containing the carrier paste is worn away by the tiny asperities 

(tool mark in this case) from the workpiece. This mechanism is difficult to observe 

experimentally, so the next chapter describe the use of finite element method to 

simulate the surface condition of the abrasive particles sliding from the workpiece 

surface at high speed so as to verify the surface generation mechanism of the low-

pressure lapping method. 
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5.5 Summary 

In this chapter, the hydrodynamic effect, influence function and possible surface 

formation mechanisms of the new lapping method were investigated. The results show 

that, wool is the ideal lapping pad for lapping soft metal mirrors for material parameters. 

This lapping method does not have a distinct influence function, but is well suited for 

lapping soft metal mirrors (referred to as Al6061 in this study). The surface generation 

mechanism of this method is closer to wearing than microcutting or erosion. When the 

abrasive grains are rolled or slid with high speed driven by the fiber, the particles have 

sufficient momentum to wear away the asperities from the rough surface, and 

scratches were rarely generated in this process. As a result, this new low-pressure 

lapping method can remove tool marks while maintaining the reflectance of the 

workpiece surface at the same time. 
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CHAPTER 6 MODELLING AND SIMULATION OF 

THE SURFACE GENERATION MECHANISM OF 

THE LOW-PRESSURE LAPPING TECHNOLOGY 

6.1. Introduction 

The low-pressure lapping technology used in this study has a very a small material 

removal rate as compared with other conventional lapping/polishing methods. The 

traditional lapping model based on the Preston formula is not suitable for this method. 

In the general lapping/polishing process, the common mechanisms are microcutting, 

delamination, slurry erosion, chemical mechanical polishing, etc. (Samuels et al. 2003). 

In this study, the brush touches the lapped surface very gently during the lapping 

process and drives the abrasive particles to move on the surface. The possible 

mechanism as discussed in Chapter 5 is that the abrasive particles receive large 

momentum during the lapping process. As a result, the abrasive particles impinge the 

asperities of the workpiece surface during the sliding and rolling process, causing the 

plastic deformation of the asperities which are worn away and thereby reducing the 

surface roughness.  

Since the asperities of the surface are removed by the impingement of the abrasive 

particles, the finite element method (FEM) can be used to model and simulate the 

surface generation in this low-pressure lapping. The simulation results provide a better 
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understanding of the surface generation mechanism and can be used to design the 

polishing parameters of the actual experiment. 

The finite element method (FEM) is an important analytical method for analyzing the 

deformation process of materials. Komvopoulus et al. (1993) used the finite element 

software named Abaqus to simulate an area changing from elastic to plastic 

deformation under load. This research shows that the material change process 

depends on strain hardening characteristics and accumulated plastic deformation at a 

specific load, but has little to do with the elastic modulus. Kogut and Etsion studied the 

deformation process of the contact between a sphere and a rigid plane by the finite 

element simulation software named ANSYS in 2002. The Von Mises yield criterion was 

introduced to analyze the deformation process of the material, from elastic to plastic. 

The results show that the elastic model cannot fully explain the elastic to plastic 

deformation process. 

For the micro-contact model, the basic contact model proposed by Greenwood and 

Williamson in 1966 is the basis of many subsequent micro-contact models. In this study, 

it is assumed that the contact surface is rough, the asperities heights on the surface 

follow a Gaussian distribution with the same curvature, and the asperities do not affect 

each other when they are under pressure. Contact in this model makes use of the 

Hertzian approach to calculate the pressure distribution during the contact process. 

The significance of this model was that it provides a preliminary contact model, and 

makes use of a plasticity index that determines when the material transforms from 
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elastic deformation to plastic deformation under a specific load. 

Another classic model was established by Chang et al. (1987) based on the Chang, 

Etsion and Bogy (CEB) elastic-plastic model by Tabor in 1951. This model was the first 

attempt to determine the boundary state of a material from elastic to plastic. This model 

and the Greenwood and Williamson model (1966) provide good simulation for the 

contact process in a real contact area at very high or very low plasticity index. 

Based on the Greenwood and Williamson model, Jackson and Green (2005) 

calculated the yield point of the material based on the asperity contact and the von 

Mises criterion. Kadin et al. (2006) found that the yield point of the material was greatly 

affected by Poisson's ratio and strain hardening. Peng et al. (2013) simulated the 

elastic-plastic contact process of rough surfaces by the finite element method. The 

simulation model involves asperity contact with a rigid body. In 2017, Almuramady and 

Borodich conducted a theoretical and experimental comparison of the plastic behavior 

of an actual rough surface. Although researchers have been continually studying the 

elastic-plastic contact of rough surfaces by finite element methods, they are rarely used 

to simulate the actual lapping process. 

Since the core of the low-pressure lapping method is the abrasive particles 

continuously impinge on the tool marks, which are deformed and worn away gradually. 

In this chapter, the surface generation mechanism is simulated based on the current 

elastic-plastic contact models. 
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6.2 Modeling processes 

6.2.1 Parameter setting 

The simulation software Abaqus is used in this chapter. In the simulation, two different 

heights of tool marks on the Al6061 surfaces were designed to be 1 μm and 20 nm. In 

order to reduce the calculation time, only the tip of the tool mark was used, which 

means that the intercepted tool mark height are 1 nm and 0.02 nm, respectively in this 

simulation. Due to the surface with a tool mark height of 20 nm is almost close to the 

plane. As a result, in this simulation, it can be assumed that each tool mark is 

independent, and the movement of the abrasive particles on the surface is not affected 

by the adjacent tool mark. In this simulation, the tool mark is a long ridged shape form, 

so when the abrasive grains collide from the side, it can be simplified into a 2D tool 

mark model. According to the experiment, the diameter of the abrasive particles in this 

simulation is 15 nm. In order to make the operation converge, a plane surface is added 

at the beginning side as shown in Figure 6.1.  

 

Figure 6.1. Schematic of the finite element model 
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Since this simulation only has a mechanical relationship and no variables like 

temperature and magnetism are involved, the material parameters only need to be set 

with mass density, elastic behavior and plastic behavior. In the Abaqus software, there 

is no unit system, and it is necessary to set the unit according to the content of the 

simulation. In order to ensure the correct operation result, the unit setting need to 

ensure the consistency, otherwise the results have no actual physical meaning. In 

Abaqus, units can be divided into two types: fundamental units, and derived units. A 

derived unit is a combination of fundamental units. Since this simulation is in the 

micrometer range, the common meter-scale units are converted into micrometer units 

(Table 6.1) and is used in the simulation. The workpiece material in this simulation is 

aluminium allow (Al6061) with the density of 2.7x10-15 kg/μm3, Young's modulus is 

6.89x104 MPa, yield stress is 276MPa. In the assembly process, the initial position of 

the abrasive particle is on the right side of the tool mark and the moving direction is 

from right to the left. 

 

Table 6.1 Units used in the simulation 

Fundamental units 

Length Μm 

Force μN 

Time S 

Mass Kg 

Derived units 

Pressure MPa 

Velocity μm/s 

Density Kg/μm3 

Young’s Modulus MPa 

Yield stress 276MPa 
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In the simulation, Al6061 alloy was designed as an elastic-plastic material based on 

the Johnson Cook plasticity model (Fish et al. 2005). The model can be expressed as: 

               
0

ˆ( ) 1 l n (1 )
pl

pl n mS V Z


  


  
       

  
                (6.1) 

where  is the yield, pl  and pl are the equivalent plastic strain and plastic strain 

rate, S, V, Z, n, m and 0  are material parameters. when the material temperature is 

lower than transition temperature and detail coefficients are as shown in Table 6.2  

 

Table 6.2: Johnson Cook Coefficients 

S V Z n M 
0  melt  transition  

289.6MPa 203.4MPa 0.011 0.35 1.34 1.0s=1 925.37K 294.26K 

 

When the abrasive particles slide and roll on the surface of the workpiece. The 

polishing time is T , the rotational speed is S , the wool is bent after contact with the 

workpiece, and the angle of bending is  . Since the diameter d of the thickest part of 

the wool is about 100 μm, one fiber sweeps N  times on point P , and can be 

expressed, as shown in Figure 6.2:  

                   
2 ( t a n )R D T S

N
d

 


 
                             (6.2) 

The speed at which the abrasive particle pass through the P point is: 

                           v 2 S R                                 (6.3) 

where   is a constant that represents how much of the fiber speed is transmitted to 

the abrasive particles. 
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Figure 6.2. Schematic of the lapping process. One fiber on the brush is swept from 

the workpiece surface 

 

The wear model for the nodes in this simulation is built based on the Archard model. 

                                  q
k P A

H


                            (6.4) 

where q  is wear rate, k  a dimensionless constant, P  is the normal pressure,   

interface slip rate. H  is the material hardness. In this simulation, the surface is 

expressed by the change of nodes on the surface. Each node transmits the force to 

the next node according to the software settings. The wear rate can be expressed as: 

                        q ( t ) ( , ) ( , )
k

P x t x t d A
H

                         (6.5) 

where x  is the node position, and t  is the time. Then based on the Eulerian steady-

state transport procedure (Qi et al., 2007), the model can change to a time-

independent expression: 

                       q ( t ) ( u ) ( ) ( )
k

P u T u d u
H

                       (6.6) 
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where u  is the position along the edge of the grid, ( )T u is the width of the adjacent 

grid at position u . The wear rate can be expressed as a function of local material 

change: 

                            q ( t ) ( u ) ( u )w T d u                         (6.7) 

Since the software needs a discrete form expression, Eq. (6.7) and Eq. (6.8) are 

combined and discrete as: 

                           .
1

N N

i i i i i

i i

k
w A P A

H




                        (6.8) 

where w  is the node wear velocity and iA is the node contact area. The expression for 

w : 

                           
1

1

N

i i ii

N

iI

k P A
u

H A










                          (6.9) 

 

In this simulation, the momentum of the abrasive particles depends on the weight and 

speed of the abrasive particles. Since the individual abrasive particles are very small, 

the weight of the individual abrasive particles is about 5x10-18 Kg based on the density 

of the abrasive material (2.65 g/cm3) and the size. From Eq. (6.3), it can determine that 

different speeds of the abrasive particles when R  is 5 mm as in Table 6.3. 
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Table 6.3 Speed of the particle in the simulation 

1 Rotational speed: 200 rpm 6.28 x 106 μm/s 

2 Rotational speed: 400 rpm 1.26 x 107 μm/s 

3 Rotational speed: 600 rpm 1.88 x 10-7 μm/s 

4 Rotational speed: 800 rpm 2.51 x 107μm/s 

5 Rotational speed: 1000 rpm 3.14 x107μm/s 

 

6.2.2 Software setting 

In the pre-processing stage, a two-dimensional model is first established in Abaqus 

and the model is meshed.  The boundary conditions and contact conditions of the 

contact model are then defined, and the abrasive particles are given an initial velocity. 

In the process of simulating the elastic-plastic contact between the abrasive particles 

and the surface of the workpiece, the contact process of the finite element simulation 

is a discontinuous constraint behavior, allowing the forces of the various nodes to be 

transmitted to other nodes. The premise of this constraint is that the two surfaces are 

to make contact. As a result, when analyzing the contact process, it is necessary to 

confirm that the two surfaces have been in contact and produced constraints. 

 

Since the simulation is an impact process, the simulation makes use of the Dynamic 

Explicit module from Abaqus. The software stores the simulation results as a binary 

file for the post-processing stage. In the post-processing stage, the simulation process 

can be visually displayed by Abaqus software. At the same time, the basic variables 

can also be calibrated using the simulation results, such as displacement, stresses, 

forces, etc.  
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Figure 6.3 Abaqus interface 

 

In the simulation, fatigue failure generally begins with micro-cracks in the material. 

When the stress was accumulated sufficiently in the structures, such as impurities, 

dislocations, etc., the material begins to yield (Oila and Bull 2005). Generally, the 

fatigue crack is divided into three stages: initiation, propagation and final fracture. 

(Verdu et al. 2008). The early fatigue models were generally based on Hertzian contact 

to determine the maximum point of force to determine crack initiation. The recent rolling 

contact fatigue studies consider rough surface as an important parameter (Terrin et al. 

2017; Paulson et al. 2017). 

 

Fatigue life is usually defined as: a series of cycles or times that cause fatigue damage 

and cause a final failure. (Suresh, 1998). In this simulation, the fatigue life is the stage 

at which the tool mark begins to plastically deform after the abrasive grain repeatedly 
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impacts the tool mark.  

 

6.3 Results and discussion  

Table 6.4 and Table 6.5 show the stress map of the two different tool marks height 

models impacted by particles at different speeds. It can be seen from the two sets of 

simulation results that when the abrasive grains rolling and sliding at high speed on 

the surface of the workpiece. The greater the speed, the greater the impact force on 

the surface. When the abrasive grain hits the tool mark fast enough, it bounces after 

the impact, and then be pressed back by the fiber and repeated follow the hit-bounce 

process. It can be seen from (d) and (e) in Table 6.4 and (d) and (e) in Table 6.5 that 

as the momentum of the abrasive particles increases, the stress on the contact surface 

becomes larger, and the distance between the two high stress area becomes wide. 

This result indicates that high rotational speed of the lapping pad does not mean a 

good lapping result for the actual lapping experiment. When the speed of the particle 

is high enough, the surface would start to show pits and scratches because the particle 

impact on the surface is not even. 

Figure 6.4 and Figure 6.5 show the stress map of the tool marks under different impacts 

speeds of the particles. Since the yield strength of the workpiece in this simulation is 

276 MPa, it can be seen from Figure 6.4 and Figure 6.5 that when the rotational speed 

is above 800 rpm, the stress of the abrasive grains in the simulation reaches the 

material yield limit, and the contact area begins to change from elastic deformation to 
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plastic deformation. It can find from Figure 6.6 and Figure 6.7 that when the rotational 

speed reaches 1000 rpm, the plastic strain begins to occur on the surface of the 

workpiece. 

 

Table 6.4 1000nm high tool mark workpiece surface under particle impact at different 

speeds 

Tool 

mark 

height 

Rotation

al speed 

Results 

(a) 

1000 

nm 

200 rpm 
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(b) 

1000 

nm 

400 rpm 

 

(c) 

1000 

nm 

600 rpm 
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(d) 

1000 

nm 

800 rpm 

 

(e) 

1000 

nm 

1000 rpm 
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Table 6.5 20nm high tool mark workpiece surface under particle impact at different 

speeds 

Tool 

mark 

heigh

t 

Rotationa

l speed 

Results 

(a) 

20 

nm 

200 rpm 

 

(b) 

20 

nm 

400 rpm 
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(c) 

20 

nm 

600 rpm 

 

(d) 

20 

nm 

800 rpm 
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(e) 

20 

nm 

1000 rpm 

 

 

 

 

Figure 6.4 Stress-time curve of 1000nm tool mark surface under different speed 
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Figure 6.5 Stress-time curve of 20nm tool mark under different speed 

 

 

 

Figure 6.6 Plastic strain map of the 1000 nm high tool mark surface 
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Figure 6.7 Plastic strain map of the 20 nm high tool mark surface 

 

Although the simulation assumes that the speed of the abrasive particles is equal to 

the speed of the fiber on the lapping pad, the surface formation mechanism of the 

polishing method can be well verified from the simulation results. That is, the tool marks 

or asperities on the surface of the workpiece is deformed by the continuous impact of 

the abrasive grains and finally removed. The number of impacts is calculated according 

to Eq. (6.3). When it is lapped for 10 minutes, the surface has been impacted 3 × 106 

times. It is far more than the 105 times of impact required for high cycle fatigue of typical 

materials. This cyclic stress is large enough to cause fatigue. As a result, it can be 

regarded as micro-scale high-cycle fatigue, and can also be seen as impact fatigue for 

tool marks or asperities. These asperities and tool marks are worn away after fatigue, 

and the worn surface continues to be impacted by the abrasive particles, which leads 

to the small scale material removal rate. 
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It can be seen from the experiment in Chapter 4 that there is almost no change in the 

lapped surface when the rotational speed is 500 rpm. By finite element simulation, it 

state that, the rotational speed is the most important lapping parameter in this polishing 

method. When the rotational speed is lower than a certain level, it will be difficult to 

produce material removal. This also explains why the asperities on the tool mark 

surface are removed first, followed by the tool mark itself (Figure 6.8).  

 

Figure 6.8 The asperities on the tool mark surface are removed first, then the tool 

mark itself are worn away 

 

6.4 Summary 

This chapter describes the modelling and simulation of the surface generation 

mechanism of the novel low-pressure lapping method by the finite element method. 

The results indicate that the rotational speed plays a major role in the low-pressure 

lapping process. When the rotational speed is higher than a certain level, i.e. 1000 rpm 

in the experiment, the abrasive particles driven by the fiber obtain sufficient momentum 

to impinge on the surface of the workpiece. This causes fatigue on the surface of the 

workpiece and finally wears asperities and tool marks away. This model not only 
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describes the surface generation mechanism of the low-pressure lapping method, but 

also can be used to predict the possible lapping parameters when different material 

and forms of the workpiece are used. 
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CHAPTER 7 OVERALL CONCLUSION AND 

SUGGESTIONS FOR FURTHER WORK 

7.1 Overall conclusion 

Ultra-precision polishing technology has been developed as a post machining process 

for more than 50 years (Komanduri et al. 1997). Technologies such as Bonnet polishing 

or Fluid Jet Polishing (FJP) have been developed for polishing materials such as cobalt 

chrome alloys (Zeng and Blunt 2014), NiCu alloys (Cheung et al. 2010) and SKD61 

mound steel (Tsai et al. 2008), but these techniques cannot be applied to polished 

Al6061 alloy because it is a relatively soft metal in which it is very easy to generate 

scratches when the vertical force between polishing pad and material is large. Up to 

present, only Chemical Mechanical Polishing (CMP) has been reported for 

successfully polishing plano mirrors made from an Al6061 alloy (Horst et al. 2008, 

Moeggenborg 2008). However, little attention has been focused on the reflectance 

when the surface roughness is in the nanometer scale. 

Sharma et al. (2014) used Al6061 alloy as the specimen material to compare the 

reflectivity spectrum from a deterministic surface machined by SPDT, and random 

finished surfaces machined by Chemo Mechanical Magneto Rheological Finishing 

(CMMRF). They claimed that CMMRF has a higher reflectivity because there are less 

irregularities and defects on the surface. This indicated that Al6061 alloy can achieve 

a high reflectance by ultra-precision lapping/polishing methods. As a result, an 
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experimental and theoretical investigation has been conducted to gain a better 

understanding of the reflectance characteristics, and to remove the tool marks on the 

Al6061 mirror surface.  

The results of the reflectance experiments show that there is a complex relationship 

between optical reflectance and surface roughness. The reflectance might not always 

decrease monotonically with the decreasing surface roughness. The reason for the 

changes of the reflectance in this study may be due to the changes in the amount of 

Mg2Si particles on the machined surface. When the aluminium alloy (Al6061) is being 

cut under low feed rate (1 mm/min), it lead to a burnishing effect (Rahman et al 2017): 

the Mg2Si particles were firmly pressed to the surface rather than being removed or 

knocked-out and these remaining Mg2Si particles caused the reduction of the 

reflectance of the Al6061 alloy. 

As a result, a novel low-pressure lapping method for the lapping of Al6061 alloy was 

investigated to lap the surface machined by higher feed rate (larger than 3 mm/min in 

this study), and a theoretical model of analyzing the surface generation mechanism of 

the low-pressure lapping process has been developed. The effects of processing 

parameters on the surface quality of the workpiece were explored through a series of 

experiments. Results indicate that parameters such as rotational speed and lapping 

time play a more important role compares to the grit size and pressure.  

The spatial distribution of the surface profile method proposed in this research provides 

a new way to evaluate surface conditions and to control the lapping process to avoid 

the occurrence of excessive lapping. 
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By comparison between the surface lapped by the new method and traditional bonnet 

polishing method in Chapter 4, it can be clearly see that the novel low-pressure lapping 

method not only can obtain a better surface finish, but also can preserve the 

reflectance of aluminium alloy (Al6061) surface. 

The finite element method was used to simulate the lapping process of the novel low-

pressure lapping method. The simulation combined with the experiment results provide 

a deep understanding of the surface generation mechanism of the lapping process.  

The investigation reported in this thesis contributes significantly to the improvement of 

understanding of the surface reflectance characteristics on Al6061 alloys machined by 

SPDT at low feed rates. The developed low-pressure lapping process provides a new 

post-processing method that can remove the tool marks and preserve the reflectance 

of Al6061 alloy mirrors at the same time. The development of the finite element model 

for the new lapping method provides an important means for understanding the surface 

generation mechanism and making the new lapping process more predictable and 

efficient. 

7.2 Suggestions for further work 

The new lapping method studied in this research can be applied to the lapping of soft 

metal. However, this method is still far from perfect. As a result, some suggestions for 

further work are provided as follows: 

(i)The combination of different parameters during the lapping process can result in very 

different results. At present, the methods still at the laboratory stage, and is a long way 
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from actual application. The Taguchi method used in this study reduced the time and 

trials for finding the optimal lapping parameters, but more combinations of different 

parameters, such as slurry concentration, need to be evaluated in detail. The results 

of lapping different soft metals and workpiece with different surface forms need to be 

further explored. The effect of the lapping path is also an important research direction 

in order to transform this novel technology from the laboratory level to industry 

application. 

 

 (ii) Lapping process is a complex process that any small changes of the parameters 

may lead to a different lapping results, which means more parameters involve in the 

simulation process may lead to a more precisely simulation result. However, finite 

element method do not have sufficient module to simulate this complex process. As a 

results, a secondary development is needed in order to simulate the lapping process 

more precisely. Subsequent simulation should be combined with more experimental 

results to simulate the particle impinge process on the workpiece, as well as define a 

more precision adaptive mesh by using subroutine UMESHMOTION tool in Abaqus, in 

order to simulate the surface generation mechanism of this lapping method in more 

accurate manner. 

 

(iii) In discussing the relationship between the reflectance and roughness of Al6061 

alloy machined by SPDT, it was found that in addition to the surface roughness and 

surface form of the workpiece influencing the surface reflectance, the amounts of 
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Mg2Si particles contained in the workpiece material may also have a correlation with 

the surface reflectance. In this study, when the workpiece was machined with different 

feed rates, the reflectance of the workpiece surface with roughness (Ra) at 7 nm was 

better than the surface with a smaller roughness (Ra: 4 nm). After using EDX and XRD 

to inspect the surface of the two workpieces, it was found that the low reflectance 

surface had more Mg2Si particles. This may be due to the small feed rate leading to a 

burnishing effect, causing the particles being firmly pressed to the surface rather than 

being removed. These particles lead to the decrease in the reflectance. However, there 

is no further study on the relationship between the amounts of Mg2Si particles and the 

surface reflectance. Subsequent research should further explore and quantify the 

relationship between the amounts of Mg2Si particles and the surface reflectance 

through image analysis methods. Further investigation on whether other processing 

factors in SPDT will also affect the reflectance of this material should be undertaken. 

In addition, more common materials for ultra-precision machining should be explored 

to observe whether this phenomenon is universal.
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