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Abstract:  

 

Amorphous materials have been widely used in various industrial areas such as optics, aerospace, 

sports, and biomedical applications. The fundamental mechanism in machining amorphous 

materials is different from that in machining metallic materials due to their unique microstructure 

and mechanical properties. This thesis presents experimental investigations on the machinability 

in the micro-milling of two typical amorphous materials: Zirconium based bulk metallic glass (Zr-

BMG) and BK-7 glass. 

A three-axis micro-milling machine is developed to perform the machining experiments on Zr-

BMG with a spindle speed of up to 105,000 rpm. The effect of cutting conditions on light emission 

and surface melting in the micro-milling of Zr-BMG is investigated. The microstructure and 

crystallization of machined surface are characterized using scanning electron microscopy, 

metalloscope, X-ray diffraction and Energy Dispersive Spectroscopy. The critical cutting 

conditions that correspond to the onset of surface crystallization are determined. Progressive tool 

flank wear with respect to the cutting distance with and without coolant is also analyzed.  

A resonance based two dimensional vibration stage with thin-wall design is developed to perform 

the vibration assisted micro-milling of brittle BK-7 glass. The dynamic property of the vibration 

stage is analyzed using the finite element method and experimental identification. The effects of 

vibration direction, vibration amplitude and frequency on the surface roughness and surface 

damage are investigated. It is concluded that the vibration applied in the normal direction has a 

major effect on the improvement of surface quality by enhancing the brittle-ductile transition of 

the material in the micro-milling process. 
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CHAPTER I 

 

INTRODUCTION 

1.1. Background 

Amorphous solids are defined as materials in which the atoms and the molecules are not arranged 

in a regular lattice pattern. Commonly used amorphous materials include glass, plastic, and bulk metallic 

glass (BMG), which have been widely used in various industrial areas such as optics, aerospace, sports, and 

biomedical applications. For example, silica based glass has high optical quality, high hardness, low cost, 

and is the most commonly used material in optical components. Figure 1.1 shows several applications of 

glass components processed by precision manufacturing in micro optics fabrication.  

 

Figure 1.1 Application of Micro-optics (a) Telescope (3.6 mm diameter and 4.4 mm length) [1] (b) 

Micro-camera (5.9 mm by 5.8 mm by 2.25 mm) [2] (c) Micro-lens (70 μm diameter) [3] (d) Hemi-

elliptical micro-lenses (284 μm length) [3] 
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BMGs are a group of newly developed metallic materials with amorphous microstructure produced 

by rapid cooling of melted metal alloys [4]. Under a high cooling rate, the metal passes nucleation and 

crystalline phases during solidification, resulting in non-crystalline solid material. Compared to their 

crystalline counterparts, BMGs have superior mechanical properties, including higher hardness, improved 

corrosion resistance. BMGs have been increasingly used in optics, aerospace, sports, and biomedical 

applications, with the typical products shown in Figure 1.2. 

 

      (a)        (b) 

Figure 1.2 BMG Products (a) Golf Clubs [5] (b) Cellphone Case [6] 

Geometric accuracy and surface quality are critical factors, which influence the functionality of 

BMG components. Precision machining techniques such as micro-turning, micro-milling, grinding and 

polishing need to be conducted in order to manufacture the parts with desired quality [7-10]. Micro-milling 

is capable of generating a high-slope freeform surface with micron-level geometric features. Compared to 

crystalline metallic materials, the fundamental mechanism of chip formation and surface generation in 

machining amorphous materials is different due to their unique microstructure and mechanical properties 

[11]. Furthermore, crystallization of BMGs microstructure may occur because of the stress and temperature 

variations in the material deformation zone, depending on the machining conditions [12]. 

Machining of silicate glass is also challenging, since glass is a brittle material with low fracture 

toughness and high hardness. In the machining of glass, fracture is the dominant material removal mode 

instead of plastic deformation for metallic materials [13]. The cutting forces cause crack generation on the 
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machined surface, which is detrimental to the quality of the optical parts. However, it has been demonstrated 

that when the uncut chip thickness is below a critical value, the material deformation goes through the 

brittle-ductile transition, and a crack free surface can be achieved.  

Vibration assisted machining (VAM) is a proven process to be beneficial in the machining of brittle 

materials. In VAM, high frequency and small amplitude vibration is applied to either the tool or the 

workpiece in addition to the original cutting motion. VAM can be broadly classified into two types: 1-D 

and 2-D. In 1-D VAM, tool or workpiece is driven along or perpendicular to feed direction and results in a 

reciprocating motion, as shown in Figure 1.3-(a). 2-D VAM has vibrations along both directions, thus 

resulting in a circular or elliptical movement between tool and workpiece, as shown in Figure 1.3-(b). The 

added vibration changes the fundamental mechanism of chip formation and surface generation in the 

machining process [14-17]. Compared to conventional machining, VAM has the advantages of increasing 

tool life, improving surface roughness, and reducing cutting force etc. [18-23].  

 

(a)        (b) 

Figure 1.3 Comparison of 1-D and 2-D Vibration (a) 1-D (b) 2-D [24] 

1.2. Objective and Approach 

The objective of this thesis is to investigate the machinability in the micro-milling of amorphous 

Zr-BMG and BK-7 optical glass. A three-axis precision micro-milling machine is developed to conduct the 

machining experiments. Light emission and surface microstructure in the micro-milling of Zr-BMG is 

studied to determine the effect of milling conditions on the surface quality. The effect of coolant on 

progressive tool flank wear in the micro-milling of Zr-BMG is investigated. In the micro-milling of BK-7 
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optical glass, a vibration stage is developed to achieve 2-D vibration assistance in the machining process. 

The vibration stage has a thin-wall design and it is driven by piezo actuators. The dynamic behavior of the 

vibration stage is calibrated. The effects of vibration direction, amplitude and frequency on the machined 

surface quality of BK-7 glass are determined. The outcome of this research is to experimentally evaluate 

the machinability in the micro-milling of typical amorphous materials including Zr-BMG and BK-7 optical 

glass. The results are able to provide optimum machining conditions to achieve high machining efficiency 

and high component quality.  
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CHAPTER II 

 

 

LITERATURE REVIEW 

In this chapter, previous studies on the machining of BMG and optical glass are reviewed. The 

VAM technology for amorphous materials is discussed. The state-of-art technology and possible 

improvements based on the literature survey and the motivation for this study are introduced.  

2.1. Machining of Bulk Metallic Glass 

It is well known that most metals are crystalline because the crystallization occurs when the 

materials are cooled from a liquid state. However, if the cooling rate exceeds a critical value, there is no 

enough time for crystallization and results in solid material with amorphous microstructure, as in the case 

of BMG. The unique microstructure of BMG is responsible for major differences in mechanical behaviors 

compared to crystalline materials [4,11,25].  

Machining of BMG is required to achieve complex geometry with high accuracy and low surface 

roughness. In the machining process, the mechanical properties and microstructure of BMGs are affected 

by machining temperature and stress variation [4]. Therefore, it is necessary to investigate the machinability 

of BMG to improve efficiency and component quality. Bakkal et al. [11] performed experimental 

investigations in the turning of Zr-based BMG at various cutting speeds, tool rake angles and coating 

properties. It was found that the occurrence of light emission in the turning process was related to the 

melting of BMG chips. High cutting speed significantly reduced the forces due to thermal softening effect. 

Surface roughness in the turning of BMG was better than those of Al6061 and SS304. Fast tool wear and 

edge chipping were found during short machining time. X-Ray diffraction (XRD) and Scanning Electron 
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Microscopy (SEM) results showed crystallization of machined chips at high cutting speed in Figures 2.1 

and 2.2, while no crystallization occurred on the machined surface. XRD peaks matched the pattern of 

monoclinic ZrO2, confirming that oxidation was associated with light emission and high flash temperature 

during the turning process [12]. The chip morphology showed the presence of shear bands, void formation, 

and enhanced viscous flow at higher cutting speed [26]. Crystalline grain, residual amorphous region, and 

phase separation were observed in the amorphous–crystalline transition region of machined chips by 

Transmission Electron Microscope (TEM) examinations [27]. Jiang and Dai [28] performed the turning 

experiments on Zr-based BMG, and concluded that the formation of lamellar chips was due to repeated 

shear-band formation in the primary shear zone (PSZ). A coupled thermomechanical orthogonal cutting 

model considering force, free volume and energy balance in the PSZ was developed to quantitatively 

characterize the lamellar chip formation.  

Bakkal et al. [29] performed drilling on Zr-based BMG with HSS and WC–Co tools. It was 

observed that holes with good surface finish could be produced when spindle speed was below the critical 

value causing the light emission of the chip. However, some large size burr formations at the edge of the 

holes were identified, and a new type of chip with long tangled ribbon shape was observed. Thrust force, 

torque, and tool wear were determined for the drilling of BMG with different tool materials and cutting 

conditions [30].  

An experimental study on the grinding of Zr-based BMG was conducted by Bakkal et al [31]. It 

was found that grinding forces reduced with the increasing of cutting speed as specific grinding energy 

increased. The machined surface and chip morphology showed that material removal and surface formation 

of BMG were mainly due to the ductile chip formation and ploughing as well as brittle fracture of some 

particles from the edge of the tracks. A conventional Al2O3 wheel was not suitable for grinding of the BMG 

in dry conditions due to extensive light emission.  

Bakkal and Naksiler [32] further conducted investigations on the end-milling of Zr-based BMG. 

The effects of feedrate on cutting force, burr formation, and surface roughness were determined with a 
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constant spindle speed of 5000 rpm. It was found that BMG required less cutting forces compared to SS304, 

and higher forces than Al6061 under the same cutting conditions. The burr rollover and the top burr 

formations were observed along the milling slot. Furthermore, cutting forces and burr formations were 

characterized in spiral and slot milling paths [33]. 

  

Figure 2.1 X-ray Diffraction Result for As-received, Machined Surface and Chips [11] 

 

Figure 2.2 Optical Micrographs of Cross-Section of Chip (a) Crystallization Incipient near the Oxide 

Layer, (b) Transition From Crystalline (Left) to Amorphous (Right) Regions, (c) Dendritic Crystalline 

Branch and the Maximum Cooling Rate Directions Indicated by Arrows, (d) Fully Crystalline Region 

[11] 
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2.2. Machining of Optical Glass 

Machining of optical glass is required to produce optical components with desired geometric 

accuracy and surface quality. It is challenging to achieve satisfactory surface quality in machining optical 

glass due to its brittleness and hardness. Conventional machining causes a fractured surface and requires 

additional finishing processes, which are expensive and time consuming [34]. However, when the depth of 

cut is below a critical value, defined as critical depth of cut, the brittle glass material can be machined in 

ductile mode, which was first reported by King and Tabor [35]. Ductile-mode machining is necessary to 

achieve satisfactory machining performance. 

A lot of studies have been conducted to investigate the factors that influence the critical depth of 

cut. Blackely and Scattergood [36] developed a model for turning of brittle material to achieve ductile 

machining, as shown in Figure 2.3. yc represents the average fracture propagation depth. If the damage does 

not go beyond the cut surface plane, ductile-mode machining is obtained. It was found that rake angle has 

major effect on critical depth of cut. A negative rake angle is inclined to achieve ductile-mode machining.  

 

Figure 2.3 Machining Geometry Used to Derive the Cutting Model [36] 

Critical depth of cut varies for different materials depending on the material property. Bifano et al. 

[31] described a function to represent critical depth of cut (dc) for grinding in terms of fracture toughness 

(KC), hardness (H) and modulus of elasticity (E) as:  

d𝑐 ∝ (
𝐸

𝐻
) (

𝐾𝐶

𝐻
)

2
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Unlike turning and grinding, studies on the milling of brittle material are relatively limited. 

Muhammad A. et al. experimentally investigated the ductile-mode machining of glass in the milling process 

[37, 38]. It was demonstrated that the fracture-free surface could be achieved under certain cutting 

conditions. It was also reported that ductile-mode milling in glass is sensitive to feedrate and radial depth 

of cut when the feedrate is low. However, if feedrate exceeds a critical value, the ductile machining becomes 

insensitive to radial depth of cut. Furthermore, a physical model was developed to evaluate the effect of 

tool diameter on critical feedrate [39], and it was concluded that larger diameter significantly increased the 

critical feedrate.   

2.3. Vibration Assisted Machining for Brittle Materials 

2.3.1. Vibration Assisted Machining System 

In the conventional machining of brittle materials, the critical depth of cut is normally at a sub-

micron level. A great deal of research has been conducted to achieve higher depth of cut for ductile-mode 

machining to increase the productivity. It has been demonstrated that the application of vibration assistance 

in the machining of brittle materials is beneficial. Vibration assisted machining (VAM) introduces high 

frequency vibration between the tool and the workpiece through external actuators. Based on the motion of 

tool tip, VAM can be classified into two types: 1-D VAM and 2-D VAM. As 1-D VAM has a relatively 

simple geometry, it has been widely used in previous research [40-42]. Figure 2.4-(a) illustrates the 

vibration motion of 1-D VAM. It is found that tool tip moves in a reciprocating trajectory and the contact 

between rake face the uncut materials depends on the vibration frequency and the amplitude, with the 

position 𝑥(𝑡) and velocity 𝑥′(𝑡) expressed as: 

𝑥(𝑡) = 𝐴 × 𝑠𝑖𝑛(2𝜋𝑓𝑡) + 𝑉𝑡     (1) 

𝑥′(𝑡) = 2𝜋𝑓𝐴 × 𝑐𝑜𝑠(2𝜋𝑓𝑡) + 𝑉    (2) 
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where A and f are the amplitude and frequency of vibration, V is feed speed. Eq. (2) defined a critical feed 

speed 𝑉𝑐 = 2𝜋𝑓𝐴. If  𝑉 < 𝑉𝑐, the tool-workpiece contact becomes intermittent at the frequency of f, which 

is desired for most cases. If 𝑉 > 𝑉𝑐, the cutting is continuous as conventional machining.  

    

   (a)                            (b) 

Figure 2.4 Vibration Motion of (a) 1-D VAM [43] (b) 2-D VAM [44] 

2-D vibration is also known as elliptical vibration as it adds vibration to the vertical motion as well 

as to the horizontal motion, which results in elliptical or circular motion of tool tip. Figure 2.4-(b) provides 

the kinematics of 2-D VAM. The position 𝑥(𝑡), 𝑦(𝑡)  and velocity 𝑥′(𝑡),  𝑥′(𝑡) can be expressed as: 

𝑥(𝑡) = 𝐴 × 𝑠𝑖𝑛(2𝜋𝑓𝑡) + 𝑉𝑡     (3) 

𝑦(𝑡) = 𝐴 × 𝑐𝑜𝑠(2𝜋𝑓𝑡)      (4) 

𝑥′(𝑡) = 2𝜋𝑓𝐴 × 𝑐𝑜𝑠(2𝜋𝑓𝑡) + 𝑉    (5) 

𝑦′(𝑡) = −2𝜋𝑓𝐴 × 𝑠𝑖𝑛(2𝜋𝑓𝑡)     (6) 

A typical 1-D VAM system is shown in Figure 2.5-(a). An ultrasonic generator converts electric 

signals to reciprocating vibration motion, then are amplified by the sonotrode due to resonance, which is 

finally translated to the tool attached to the end of sonotrode. The frequency of 1-D resonant system varies 

from 20 kHz to 40 kHz, and the amplitude varies from 3 μm to 100 μm [44-46]. 2-D resonant system uses 

the same driving mechanism as 1-D VAM, but the tool tip moves in a circular or elliptical trajectory. 

Moriwaki and Shamoto [47] developed a structure shown in Figure 2.5-(b). Two piezo actuators are 
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attached to the surface of a beam structure. The piezo actuators are driven at the structure’s natural 

frequency, but with different phases. The bending mode of the structure is excited, resulting in an elliptical 

path at the tool tip. 

 

(a)       (b) 

Figure 2.5 VAM System (a) 1-D [43] (b) 2-D [46] 

2.3.2. Benefits of VAM for brittle materials  

It has been reported that using VAM to machine brittle materials offers a multitude of benefits, 

such as a smaller cutting force, longer tool life, higher critical depth of cut, improved finished surface etc. 

Zhou et al. [48] performed the vibration assisted grove cutting, and found that the cutting force decreased 

due to the dynamic friction and higher lubrication efficiency of the cutting fluid derived from the periodic 

separation between tool and workpiece. Ishikawa et al. [49] conducted a series of experiments in the drilling 

of ceramics with the assistance of ultrasonic and low frequency vibration. The drilling force decreased up 

to 70% by increasing vibration amplitude, as compared to conventional drilling. Egashira & Mizutani [50] 

obtained the same results in the ultrasonic micro-drilling of glass. 

Tool life is extended in VAM due to the smaller cutting force compared to conventional machining. 

Moreover, the periodic separation between the tool and the workpiece is also helpful to release the stress 

of the tool and consequently results in longer tool life. Suzuki et al. [51] observed a remarkable reduction 

of tool wear in the 2-D ultrasonic VAM of Tungsten Alloy. Gong et al. [52] investigated the effect of 

ultrasonic vibration on tool wear in the grinding of K9 glass. The kinematics of the grinding tool with 
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vibration assistance was investigated. It showed that less simultaneous depth of cut is the main reason that 

the tool wear rate is less. Duty cycle, defined as the fraction of cutting time in one vibration cycle, is also a 

major factor in influencing tool life. It was proposed by Rubenach [53] that the tool wear rate at 10% duty 

cycle with 75m cutting distance is only one-third of the wear rate at 40% duty cycle with 450m cutting 

distance in glass machining.  

It has been claimed that VAM can increase the critical depth of cut in the ductile machining of 

brittle materials. Moriwaki et al. [17] carried out a turning test on soda-lime glass with 1-D ultrasonic 

vibration. The critical depth of cut increased from 0.03μm in conventional turning to 0.4 μm in VAM. Zhou 

et al. [48] obtained the similar result from groove cutting experiments. 2-D VAM on other brittle materials 

such as Tungsten Carbide, Zirconia Ceramics, Calcium Fluoride and glass has been conducted by SUZUKI 

et al. [54]. The results show that the critical depth of cut for all of these brittle materials increased 

significantly in 2D-VAM. 

The improvement of machined surfaces in 2-D VAM of Nano ZrO2 has been investigated by Yan 

et al. [55]. The machined surface in conventional diamond grinding and 2-D ultrasonic assisted grinding 

with the same cutting condition are compared, as shown in Figure 2.6. Results indicate that the 2-D 

ultrasonic vibration improved the surface quality effectively. There are two reasons for this phenomenon. 

Firstly, the abrasive particles with high-frequency vibration have a polished effect, generating a smooth 

surface. Secondly, VAM reduced tool wear and cutting force, therefore improving the quality of the 

machined surface.  
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(a)      (b) 

Figure 2.6 SEM Photographs of Mano-ZrO2 after (a) Conventional Diamond Grinding (b) 2-D 

Ultrasonic Assisted Grinding [48] 

2.4. Summary  

The unique microstructure and mechanical properties of BMGs bring new challenges in precision 

machining processes. It is found from the literature that machining of BMG is mainly focused on the turning 

and drilling processes, and the effect of coolant on machining BMG has not been investigated. Thus, an 

investigation of machinability in milling is necessary for manufacturing BMG components with complex 

geometry. 

Glass materials are widely used as lens for optical components. Ductile-mode machining is 

required to achieve a crack-free surface. It has been demonstrated that vibration assistance improves the 

critical chip thickness corresponding to ductile machining. However, the effects of the direction, frequency 

and amplitude of vibration on machining performance is not clear, which inhibits the application of VAM 

in machining glass materials. 

 In this thesis, experiments are conducted base on micro-milling of Zr-BMG and BK-7 glass 

materials. In the machining of Zr-BMG, the surface quality is analyzed through SEM and metalloscope. 

XRD is conducted to investigate the effect of cutting parameters on surface crystallization. Tool flank wear 

with respect to spindle speeds in both dry and mist-coolant micro-milling of Zr-BMG is measured. 
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Furthermore, experimental investigations on the fundamental mechanisms of surface generation in 

vibration assisted micro-milling of glass are conducted. Contrary to the vibration assisted turning process 

presented in the literature, the milling process involves varying uncut chip thickness due to the rotation of 

the milling tool. A two-dimensional vibration stage with adjustable amplitude and frequency is developed. 

The effects of the direction, amplitude and frequency of vibration on the surface roughness and damage are 

investigated.  
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CHAPTER III 

 

 

MACHINABILITY IN THE MICRO-MILLING OF ZIRCONIUM BASED BULK METALLIC GLASS 

3.1. Overview 

The objective of this chapter is to investigate the machinability of BMGs in the micro-milling 

process. A high-speed micro-milling machine was developed to perform the experiments. The effect of 

cutting parameters on light emission in micro-milling is discussed. The microstructure of the machined 

surface was characterized using SEM, XRD, Energy Dispersive Spectroscopy (EDS) and metalloscope. 

Cutting parameters corresponding to the onset of the crystallization transition of the machined surface were 

determined. The effect of mist-coolant on progressive tool flank wear with respect to cutting speeds was 

investigated. The results of this study provide the cutting conditions to improve the surface quality and 

reduce the tool wear. 

3.2. Experimental Setup 

3.2.1. Description of the experimental setup 

The milling experiments on Zr-based BMG were conducted with spindle speeds from 10,000 to 

105,000 rpm. Two micro-milling machines with different spindle speed range capacities were used, 

including a commercial MDA precision micro-milling machine (Figure 3.1 (a)) with a spindle speed in the 

range of 10,000 - 60,000 rpm, and an in-house developed high-speed micro-milling machine at 60,000 - 

160,000 rpm (Figure 3.1 (b)). A two-flute AlTiN coated end mill (MICROCUT) with 3.175 mm diameter 

and 30º helix angle was used. The workpiece was Zr-based BMG (model: LM105) provided by Liquidmetal 
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Technologies Inc. The composition and the mechanical properties of the BMG workpiece are listed 

in Tables 3.1 and 3.2 respectively. The dimension of the workpiece was 21 mm × 14 mm × 2 mm. 

     

(a)      (b)  

Figure 3.1 (a) MDA Precision Micro-Machining Center (b) High Spindle Speed Machining System 

Table 3.1 Composition of LM105 Bulk Metallic Glass [56] 

 Zr Ti Cu Ni Al 

at% 52.5 5 17.9 14.6 10 

wt.% 65.7 3.3 15.6 11.7 13.7 

 

Table 3.2 Mechanical Properties of LM105 Bulk Metallic Glass [56] 

Density 

(g/cm3) 

Hardness 

(HRC) 

Yield 

Strength 

(MPa) 

Young’s 

modulus 

(GPa) 

Fracture 

toughness 

(MPa√𝑚) 

Poisson’s 

ratio 

Glass transition 

temperature 

(℃) 

Crystallization 

temperature 

(℃) 

6.57 53 1524 92.7 ~40 0.38 399 468 

A mist-coolant dispenser shown in Figure 3.2-(a) was used, the coolant which was semi-synthetic 

380, mixed with water in the proportion of 1:20. The flow rate was 126 ml/min. To protect the linear stage 

from coolant, a sink was used to collect the coolant as shown in Figure 3.2-(b). 
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(a)      (b) 

Figure 3.2 Coolant System (a) Dispenser (b) Sink 

3.2.2. Development of high spindle speed micro-milling machine 

A high speed micro-milling system was developed with the structure shown in Figure 3.1 (b). It 

was composed of five components: gantry-type granite structure, linear stages, high speed spindle, coolant 

system and air cylinder. Granite was used for the machine structure to ensure high rigidity and reduce the 

thermal effect of the environment. Three LS-180 linear stages with a 50 nm resolution from Physik 

Instrument (PI) were assembled to achieve the feed motions in three axes. An angular-contact bearing 

spindle SC 1060-OA with a speed range of 60,000 – 160,000 rpm from Fischer Precise was mounted on 

the Z-axis linear stage. An air cylinder was used to counterbalance the weight of the spindle and spindle 

holder. The specifications of the linear stage and high speed spindle are given in Tables 3.3 and 3.4. The 

schematic of the whole system is shown in Figure 3.3. 

Table 3.3 Specification of Linear Stage [57] 

LS-180 Liner Stage 

Travel Range 
(mm) 

Maximum 

Speed 
(mm/sec) 

Straightness 
(μm) 

Pitch 
(µrad) 

Yaw 
(µrad) 

Resolution 
(nm) 

155 200 ±2 ±40 ±50 20 

FX 
(N) 

FY 
(N) 

FZ 
(N) 

MX 
(Nm) 

MY 
(Nm) 

MZ 
(Nm) 

500 200 1000 132 400 125 
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Table 3.4 Specification of Spindle [58] 

SC 1060-OA Spindle 

Speed Range 
(rpm) 

Torque (S1-

100%) 
(N-m) 

Bearings 
Type 

Lubrication Runout 

Accuracy 
(μm) 

6000-16000 0.03 Angular-contact Oil-air ≤2 

Balance Quality 
(mm/sec) 

Radial Shaft 

Stiffness 
(N/μm) 

Axial Shaft 

Stiffness 
(N/μm) 

Cooling Tool Diameter 
(mm) 

≤1 25 17 Liquid Circulation 3.175 
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Figure 3.3 Schematic of High Speed Machining System 
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It is important to calibrate the perpendicularity in assembling the three linear stages and the spindle. 

The calibration process is described as follows: 

1. Alignment of the Z-axis: Fix a precision dial indicator with a resolution of 0.001 inch on the Z-

axis. The probe of the dial indicator touches the side of the rectangular block, which is aligned at 

90° ± 5‘ with respect to granite stage. Adjust the orientation of the z-axis to make sure that the 

variation of the dial indicator reading along the whole movement range is less than 0.001 inch. The 

alignment setup is shown in Figure 3.4.  

 

Figure 3.4 Alignment of Z-axis 

2. Alignment of X-Y stages: Place two precision rectangular blocks that are aligned 90° ± 5‘ with 

respect to each other on the granite stage. Use the dial indicator to adjust the X-axis linear stage 

based on one of the rectangular block. Make sure the variation of dial indicator reading along the 

whole movement range of the X-axis is less than 0.001 inch. Then use the dial indicator to adjust 

the Y-axis linear stage based on the other rectangular block. Make sure the variation along the 

whole movement range is less than 0.001 inch. The alignment setup is shown in Figure 3.5. 

 

Figure 3.5 Alignment of X-axis and Y-axis 
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3. Alignment of air cylinder: Fix the air cylinder holder on the granite structure; then use level 

indicator to make sure it is parallel to the Y-axis linear stage, as shown in Figure 3.6 (a). Install the 

air cylinder and spindle, adjust the pressure of cylinder until it just balances the weight of the 

spindle and the spindle holder, as shown in Figure 3.6 (b). 

  

(a)     (b) 

Figure 3.6 Alignment of Air Cylinder 

4. Alignment of spindle: Clamp one side of an L-shape bar onto the spindle; then connect the other 

side with dial indicator so that the dial indicator will rotate with spindle. In order to guarantee the 

perpendicularity between the cutting tool and the X-Y stage, the spindle needs to be realigned. The 

procedure is: Loose three out of the four screws that fix the spindle onto Z-axis, rotate the spindle 

and adjust it until the variation of dial indicator reading in one rotation is less than 0.0005 inch. The 

alignment setup is shown in Figure 3.7. 

 

Figure 3.7 Alignment of Spindle 
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3.3. Experimental Process of Micro-milling of Zr-BMG 

Side milling of the BMG workpiece was conducted with an axial depth of cut of 2 mm. Two small 

radial depth of cut of 0.2 mm and 0.44 mm were selected due to fast tool wear rate and edge chipping at 

larger depth. The feedrate value ranged from 0.5 μm/flute to 10 μm/flute. Higher radial depth of cut or 

feedrate led to complete tool wear in one cutting path. Hitachi S-4800 scan electron microscope and Zeiss 

Observer.Z1m metalloscope were used to determine the morphology and microstructure of the machined 

surface. The cross section of the surface was finely polished for the examination purpose. Bruker AXS D8 

Discover X-ray diffractometer was used to investigate the surface crystallization due to the milling process. 

EDS was used to determine the constituent elements of machined chip and surface. At each spindle speed, 

different values of feedrate were tested in order to determine the milling conditions that correspond to the 

onset of surface crystallization. An optical microscope was used to determine the width of tool flank wear 

with respect to the machining distance. Tool wear was compared for the milling process with and without 

the application of mist coolant at various spindle speeds. 

3.3.1. Light emission in the micro-milling process 

Light emission was observed in the experiment process. The occurrence and strength of the light 

emission depended on the machining conditions. Table 3.5 shows the cutting parameters and the results of 

light emission strength, which are classified into three levels, explained below: 

(1) No light emission was generated during the whole milling process, shown as Figure 3.8 (a), and 

defined as level 1; 

(2) There was no light emission at the beginning of the milling process, however, intermittent light 

appeared in the later stage of the process due to heat accumulation in the material removal region, shown 

in Figure 3.8 (b) and defined as level 2; 

(3) Strong light emission started to develop after about 3-5 seconds of milling process, shown as 

Figure 3.8 (c). Associated with the light generation, workpiece material was melted and deposited on the 

machined surface. This light emission strength is defined as level 3. 
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Table 3.5 Light Emission Level in Different Experiments 

Test 

Number 

Spindle Speed 

(rpm) 

Feedrate 

(μm/flute) 
Light Emission Level 

1 50,000 0.5 Level 1 

2 50,000 3 Level 2 

3 50,000 4.5 Level 3 

4 60,000 0.5 Level 1 

5 60,000 1 Level 2 

6 60,000 3 Level 3 

 

  

(a)        (b) 

 

(c) 

Figure 3.8 Classification of Light Emission Levels: (a) Level 1, (b) Level 2, (c) Level 3 
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(a)    (b)  

Figure 3.9 Machined Surface for Level 2 Light Emission: (a) Test Number 2, (b) Test Number 5 

  

(a)    (b) 

Figure 3.10 Machined Surface for Level 3 Light Emission: (a) Test Number 3, (b) Test Number 6 

The results in Table 3.5 show that the strength of light emission increases with feedrate at constant 

spindle speed, and the increase of spindle speed enhances the generation of light emission. This is due to 

higher stress and temperature when spindle speed and feedrate increase. Figure 3.9 and 3.10 show the 

pictures of machined surface corresponding to the tests listed in Table 3.5. Figure 3.9 (a) and (b) are based 

on the process with level-2 light emission. It is found that there is no significant change in the machined 

surface morphology between the regions with and without light emission. On the other hand, for Figures 

3.10 (a) and (b), which correspond to level-3 light emission, the machined surface involved with melting 

of workpiece material turns into black color, and the surface roughness is higher compared with the surface 

in levels 1 and 2. Therefore, it is proved that the melting of surface material is detrimental to the surface 

quality in the milling process, while light emission itself is not directly related to the surface morphology. 
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3.3.2. Characterization of machined surface by SEM and metalloscope 

The machined surface in the micro-milling of Zr-based BMG was investigated by SEM and 

metalloscope. Figure 3.11 shows the SEM images (2000x magnification) of machined surface under test 

number 3 (Table 3.5) with level 3 of light emission. Figure 4 (a) shows the machined surface at the 

beginning stage of the milling process when light emission is not generated. Figure 4 (b) shows the 

machined surface when extensive light emission is developed and melted material is deposited on the 

surface. Figure 3.12 shows the SEM results at the same location as Figure 3.11, and with higher 

magnification (8000x). It is found that the surface melting causes uneven surface morphology compared to 

the location with no light emission region, and results in solidified grain clusters at the size of 1-3 μm.   

  

(a)      (b) 

Figure 3.11 Machined Surface Investigated by SEM (2000x Magnification). (a) At the Beginning of 

Machining with No Light Emission; (b) With Extensive Light Emission and Surface Melting  
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(a)      (b) 

Figure 3.12 Machined Surface Investigated by SEM (8000x Magnification). (a) At the Beginning of 

Machining with No Light Emission; (b) With Extensive Light Emission and Surface Melting  

The cross sections of the machined surfaces were further examined by metalloscope in order to 

investigate the microstructure property. The workpieces were cut into half and the cross sections were finely 

polished for the examination. Figure 3.13 (a) and (b) show the cross sections of machined surfaces at the 

light emission levels of 2 and 3 when the spindle speed is 60,000 rpm, corresponding to test number 5 and 

6 given in Table 3.5. The surface cracks and voids are visible in Figure 3.13 (b), but not in Figure 3.13 (a). 

When the feedrate increases, the temperature is high, which results in the melting of the material. The voids 

formation is due to the dynamic solidification process, which may cause degradation of the mechanical 

properties of machined components. 
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(a)      (b) 

Figure 3.13 Cross Section of Machined Surface: (a) Test Number 5, Level 2 Light Emission; (b) Test 

Number 6, Level 3 Light Emission. 

3.3.3. Crystallization of workpiece material  

Crystallization of original amorphous microstructure of the workpiece in the milling process was 

examined through XRD. Figure 3.14 shows the XRD results for the original and the machined surfaces. 

The machining parameters labeled as (b), (c) and (d) correspond to the process with light emission levels 

of 1, 2 and 3 respectively. It is observed from the diffraction patterns that the processes with light emission 

levels of 1 and 2 result in the similar broad peaks covering the same θ value as the original surface, 

representing an amorphous microstructure. However, diffraction pattern corresponding to level 3 of light 

emission shows strong characteristic peaks, proving that the crystallization of the surface microstructure 

occurs. Therefore, it is concluded that the crystallization of original amorphous microstructure of workpiece 

surface is caused by the surface melting and solidification, which are associated with level 3 light emission 

in the milling process. 
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(1) Spindle Speed: 50,000 rpm 

 

(2) Spindle Speed: 60,000 rpm 

Figure 3.14 Diffraction Patterns of Machined Surface for (a) Original Surface (b) No Spark (c) Little 

Spark (d) Strong Spark with Melts at 60,000 rpm and 50,000 rpm 

Figure 3.15 shows that crystallization occurs on both chip and machined surface at level 3 light 

emission, with clear peaks in the XRD results. The experimental XRD curves are compared with standard 
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material diffraction patterns. It is shown that the crystalline phase in the chip is monoclinic ZrO2, while the 

major peaks in the pattern from machined surface correspond to the crystalline phase of Zr6Ni4Ti2O0.6. The 

phase difference between the chip and machined surface may be due to the fact that chip carries away most 

of the heat during machining and is exposed to the oxygen (from air) directly compared to machined surface. 

These results agree that crystallization is associated with oxidation in machining Zr-BMG. EDS 

examination was further conducted to confirm the oxidation on crystallized chip and machined surface. 

Figure 3.16 shows the EDS spectra for the surfaces (original and machined) and chips at level 3 light 

emission. In Figure 3.16 (a), no oxygen presents in the spectrum of original surface, while the analysis of 

Figure 3.16 (b) shows that the content of oxygen on the machined surface is more than 10% by weight. 

Similarly, Figure 3.16 (c) shows the presence of oxygen on the chip. These results demonstrate that the 

oxidation exists on the machined surface and the chip at the cutting condition corresponding to level 3 light 

emission. 
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(a) 

 
(b) 

Figure 3.15 XRD of Chip (a) and Machined Surface (b) (Test Number 6 in Table 3.5) 

Standard ZrO2 

Diffraction Pattern  

Experimental XRD 

Result 

Standard Zr6Ni4Ti2O0.6 

Diffraction Pattern  

Experimental XRD 

Result 
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(a)       (b) 

 

(c) 

Figure 3.16 EDS Patterns of (a) Original Surface, (b) Machined Surface at Level 3 Light 

Emission, (c) Chip at Level 3 Light Emission 

Experimental results prove that at constant spindle speed, a higher feedrate intends to cause 

crystallization of original amorphous workpiece materials due to larger material removal load. A critical 

feedrate value exists, which corresponds to the onset of surface crystallization. When the feedrate exceeds 

the critical value, material melting occurs in the milling process, and solidified material forms dark region 

on the machined surface, leading to surface crystallization of the workpiece. Therefore, there is a need to 

determine the cutting conditions that can achieve the highest material removal rate without causing 

crystallization. In this study, a series of experiments were performed to determine the cutting conditions 

corresponding to the onset of surface crystallization. The spindle speeds varied from 10,000 rpm to 60,000 

rpm, with an increment step of 5,000 rpm. At each spindle speed, feedrate gradually increased from 0.5 
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μm/flute to 10 μm/flute with a 0.5 μm/flute increment, until the surface crystallization was observed. The 

tool edge geometry after each cut was examined under the microscope to avoid excessive tool wear. The 

results are listed in Table 3.6. Figure 3.17 shows the identified crystallization transition curve, which 

represents the cutting conditions corresponding to the onset of surface crystallization. The critical feedrate 

value decreases asymptotically when the spindle speed increases. Below 30,000 rpm, there was no 

crystallization even the feedrate increased up to 10 μm/flute. Based on the identified results, the critical 

cutting parameters were curve fitted by a power function, expressed as: 

f = 407200𝑛−1.723        

where f is the critical feedrate with the unit of mm/flute, and n is the spindle speed with the unit of rev/min. 

The cutting conditions in the region below the transition curve represent the process without surface 

crystallization, and vice versa. 

Table 3.6 Critical Cutting Conditions for Crystallization Transition 

No 
Spindle speed 

(rpm) 

Feedrate 

(mm/flute) 

1 60,000 0.0015 

2 55,000 0.003 

3 50,000 0.0035 

4 45,000 0.0040 

5 40,000 0.005 

6 35,000 0.0065 

7 30,000 0.0075 

8 25,000 − 

9 20,000 − 

10 15,000 − 

11 10,000 − 
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Figure 3.17 Crystallization Transition Curve 

3.3.4. Tool wear in micro-milling of Zr-based BMG 

 Due to the high strength of Zr-based BMG material, fast tool wear and possible edge chipping are 

frequently observed in the micro-milling process. Tool flank wear changes the material deformation 

mechanism, and leads to poor surface finish as well as excessive burr formation [59]. Application of coolant 

has been demonstrated to be effective to reduce tool wear rate in the machining of conventional high-

strength metal alloys [60,61]. Using mist coolant is more cost effective and environmentally friendly 

compared to the flood coolant [62,63]. In this study, the progressive tool flank wear width with respect to 

the cutting distance was determined at different cutting speeds. The effect of tool wear on light emission, 

and the effect of mist coolant on tool flank wear were investigated.  

3.3.4.1. Tool wear in dry machining condition 

In the dry machining process, 0.2 mm radial depth of cut and 1.0 μm/flute feedrate were used in all 

the experiments. Higher feedrate was not used since it caused severe tool wear within several machining 

paths. The spindle speeds ranged from 10,000 rpm to 60,000 rpm in order to determine the effect of 

machining speeds on the tool flank wear rate. Tool flank face was investigated under SEM, shown in Figure 

3.18. It is observed that some extra materials adhere to the flank face of the tool edge after the machining 
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process, with the formation of build up edge (BUE). EDS analysis was conducted on the adhered material. 

The output pattern is shown in Figure 3.19. The presence of Zr concluds that the adhered material comes 

from Zr-BMG workpiece. This result confirms that adhesive wear is the dominant wear mechanism at the 

tool flank face due to material melting and solidification at the tool edge. For the purpose of tool wear width 

measurement, milling tool is cleaned by ultrasonic cleaner after the machining experiments. Figure 3.20 

shows the comparison of the flank face between a new tool and a tool with flank wear observed under the 

optical microscope. It is found from Figure 3.20 - (b) that the width of the flank wear is not uniform along 

the tool edge. Thus, seven measurements of wear width were taken along the edge. The average values are 

plotted with respect to the milling distance at different spindle speeds, shown in Figure 3.21. Higher spindle 

speed accelerates the wear rate of tool flank due to higher machining temperature. When spindle speed 

increases from 10,000 rpm to 60,000 rpm, the tool wear rate is almost doubled. Furthermore, it was found 

that for the cutting conditions corresponding to level 2 light emission, new cutting tool produced light 

emission in the milling process, which disappeared later when the tool flank wear gradually increased. This 

is because the progressive tool wear increases the edge radius, and the ploughing effect is more dominant 

compared to the chip formation due to shearing. As a result, the material volume in the primary deformation 

zone decreases. 

   

(a)                                                                             (b) 

Figure 3.18 SEM Image of Tool Flank Face after Milling Process (a) BMG Material Adhere to the Flank 

Face (b) Build Up Edge 
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Figure 3.19 EDS Pattern of the Adhered Material at the Flank Face 

 

(a)      (b) 

Figure 3.20 Comparison of New Tool vs Worn Tool (a) New Tool (b) Worn Tool 

 

Figure 3.21 Dry Machining Tool Wear for Different Spindle Speeds 
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3.3.4.2. Tool wear in machining with mist coolant 

Mist coolant was used in the micro-milling of Zr-based BMG when the spindle speeds ranged from 

40,000 rpm to 105,000 rpm. The progressive tool flank wear corresponding to the cutting distance is shown 

in Figure 3.22. It was found that tool wear rate increased extensively for the spindle speeds of 90,000 rpm 

and 105,000 rpm. That is because when spindle speed is less than 90,000 rpm, the light emission is 

significantly suppressed by the application of mist coolant. However, when the spindle speed increases 

further, the mist coolant cannot remove enough heat produced by the machining process. The results 

demonstrate that the light emission in the milling process plays the most significant role in the progressive 

tool flank wear in the micro-milling of Zr-based BMG. Figure 3.23 shows the comparison of tool flank 

wear with and without the application of coolant when the spindle speed ranges from 40,000 rpm to 60,000 

rpm. It is found that after the light emission was eliminated due to the application of mist coolant, the tool 

wear rate could be reduced by approximately 75%. 

 

Figure 3.22 Mist-coolant Machining Tool Wear for Different Spindle Speeds 



 

37 
 

 

Figure 3.23 Mist-coolant Machining Tool Wear Vs Dry Machining Tool Wear 

3.4. Summary 

This chapter investigates the machinability of Zr-based BMG material in micro-milling process. 

The effect of cutting conditions on light emission was investigated and classified into 3 levels. The surface 

morphology and crystallization were characterized through SEM, metalloscope, XRD and EDS. The 

constituent elements of machined chip and surface were determined and compared. The critical values of 

spindle speed and feedrate corresponding to the onset of surface crystallization were identified. Tool flank 

wear mechanism and the effect on the light emission in the milling of Zr-based BMG was determined, and 

the effect of mist coolant on the progressive tool flank wear was investigated. The conclusions based on the 

results are listed below: 

(1)   The surface morphology is modified due to the melting and solidification of workpiece 

material in the milling process. As a result, surface cracks and voids are generated, which are detrimental 

to the mechanical properties of the machined components.  

(2)   Surface melting causes crystallization of the material on both chip and machined surface. 

However, the remaining constituent elements between the chip and the surface are different. A 
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crystallization transition curve for machined surface exists, which represent the onset of the surface 

crystallization. The results provide the cutting conditions to achieve maximum efficiency without causing 

the occurrence of crystallization. 

(3)   Adhesive wear is the dominant mechanism in tool flank wear in the micro-milling process. 

Tool wear suppresses the light emission due to ploughing effect with larger tool edge radius. Application 

of mist coolant is able to reduce tool wear rate by up to 75% by reducing the strength of light emission. 

However, when spindle speed reach beyond 90,000 rpm, the coolant cannot take away enough heat 

produced by the machining process, which leads to fast tool wear. 
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CHAPTER IV 

 

 

VIBRATION ASSISTED MILLING OF BK-7 GLASS 

4.1. Overview 

This chapter presents the study of vibration assisted micro-milling of BK7 optical glass. A CNC 

milling machine and diamond coated milling tool were used to conduct the experiments. A two-dimensional 

vibration stage with thin-wall structures to induce vibration was developed. The dynamic property of the 

vibration stage was analyzed and identified. The effects of vibration direction, amplitude and frequency on 

the surface roughness and surface damage were investigated.  

Vibrations were generated by piezo actuators (model P844.10) from PI, which were driven by 

amplifiers (model TS-200-1) from Accel Instruments with a wide bandwidth of 0-11 KHz. The output 

voltage and current could reach up to 20 V and 3 A under 8 kHz frequency. A waveform generator (model 

BK Precision 4055) was used to generate sinewave signal. A dynamic signal acquisition module (model NI 

USB 4432) was used to collect data from a displacement sensor, then the data was transmitted to a laptop. 

The schematic of the experimental system is shown in Figure 4.1 
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Figure 4.1 Schematic of Experimental System 

4.2. Design of the 2-D Vibration Stage 

A 2-D vibration stage was designed to drive the workpiece in the micro-milling process.  The flow 

chart of designing the vibration system is shown in Figure 4.2. 
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Figure 4.2 Design Process for Vibration System 

4.2.1. Vibration source 

In the VAM process, vibration assistance is provided either by the spindle or by workpiece to 

modify the relative motion between the tool and the workpiece. In this study, due to the small mass of the 

workpiece used in the micro-milling process, vibration was applied to the workpiece by developing a 

vibration stage. In this way, various values of vibration frequencies and amplitudes could be achieved, 

depending on the design of the stage. 

4.2.2. Type of vibration system 

Based on the piezo actuator and required vibration parameters, vibration systems can be resonant 

systems or non-resonant systems. In this thesis, P844.10 piezo actuators from Physik Instrument were used 

with the specification and required vibration parameters listed in Table 4.1. 
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Table 4.1 (a) Specification for P844.10 Piezo Actuator [64] (b) Required Vibration Parameters 

Travel distance for 0 to 

100V [μm]±20% 

Static large-signal 

stiffness [N/μm]±20% 

Push/Pull force 

capacity 

[N] 

Electrical 

capacitance 

[μF]±20% 

15 225 3000/700 6.0 

Dynamic Operating 

current coefficient 

[μA/(Hz·μm)] 

Resonant frequency 

(unloaded) [kHz]±20% 

Mass without 

cable 

[g]±5% 

Length L 

[mm] 

50 16 84 47 

(a) 

Frequency range kHz Amplitude range μm 

5~10 10μm 

(b) 

The relationship between the displacement ΔL0 and the generated force F of the piezo actuator 

under different input voltages is expressed in Figure 4.3. An amplifier is used to generate a maximum output 

voltage of 20 V. According to the piezo actuator specification and amplifier maximum output voltage, the 

maximum output displacement and forces on the tip of the actuator are 

∆𝐿0𝑚𝑎𝑥 = 15μm ×
20V

100V
= 3μm 

𝐹𝑝𝑢𝑠ℎ 𝑚𝑎𝑥 = 3000N ×
20V

100V
= 600𝑁 

𝐹𝑝𝑢𝑙𝑙 𝑚𝑎𝑥 = 700N ×
20V

100V
= 140𝑁 

 The curves in Figure 4.3 show that ∆ L0 varies inversely with F, therefore, the maximum 

displacement and Push/Pull force cannot be reached at the same time. Since the piezo actuator cannot 

achieve more than 3 µm displacement, a vibration stage with thin-wall structures and resonance mechanism 

is designed and developed. 
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Figure 4.3 Working Graph of Actuator with Unipolar Operation at Different Voltage Levels 

4.2.3. Design of vibration stage 

The mechanical structure of the vibration stage is illustrated in Figure 4.4.  The thin-wall structures 

were designed to transmit the vibration from the piezo actuator to the central stage. The natural frequencies 

of the stage depend on the thickness of the thin-wall structure. The vibration stage was fixed on the CNC 

work table through the step holes. Shear force is unavoidable in this structure, because two piezo actuators 

were arranged in a perpendicular orientation. The generated shear force can easily damage the piezo 

actuator, thus flexible tips were used for protection. When the shear force is applied, the flexible tips will 

bend instead of the piezo actuators. The piezo actuator is sensitive to the pulling force. Thus, two preload 

structures were added to the vibration stage to balance the pulling force. By using the preload screw, the 

springs inside are compressed and a preload can be applied. The tapped holes in the central stage are used 

to attach the workpiece. 
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(a) 

 

(b) 

Figure 4.4 Vibration Stage (a) Basic Design (b) Thin-wall Structures  
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4.2.4. Vibration stage vibration analysis 

The resonant frequency of the stage depends on the design of the structure. Finite element (FE) 

method was implemented for modal analysis of the vibration stage to predict the natural frequencies. A 

flow diagram of the analysis process is presented in Figure 4.5. The material of the vibration stage is Al-

6061 alloy. The material properties are listed in Table 4.2. The boundary condition was provided by fixing 

the bottom of the stage as shown in Figure 4.6. In the FE analysis, the vibration stage was meshed by 41052 

elements. The natural frequencies of the stage can be adjusted by modifying the thickness of the thin-wall 

structures. Thicker walls increase the natural frequency and thinner walls decrease the natural frequencies 

due to the change in stiffness. After the trial and error process, it is found that 2.5mm thickness walls result 

in the natural frequencies of the stage being 8201 Hz and 8194 Hz. The mode shapes that the center stage 

vibrates along in X and Y directions are shown in Figure 4.7. Wire Electrical Discharge Machining 

(WEDM) was used to manufacture the thin-wall structures for the stage. Higher thickness was not 

considered as it increased the manufacturing difficulty. All of the mode shapes under 20 kHz are listed in 

Table 4.3.  

Table 4.2 Vibration Stage Material Properties 

Mass density 
[T/mm3] 

Young’s Modulus 
[MPa] 

Poisson’s Ratio 

2.7 × 10−6 69 × 106 0.33 
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Figure 4.5 Design Process Flow Chart 

 

Figure 4.6 Vibration Stage Boundary Condition 
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(a) 

 

(b) 

Figure 4.7 Desired Mode Shapes at (a) 8201Hz (b) 8194Hz  
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Table 4.3 Vibration Stage Mode Shapes under 20 kHz 

Frequency [Hz] Mode shape 

8263 

 

12074 

 

12116 

 

15268 
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4.2.5. Identification of the dynamic property 

After the vibration stage was fabricated, a series of vibration tests were conducted to experimentally 

identify the dynamic property of the vibration stage. The frequencies of the input voltage to the amplifier 

were swept up to 11 kHz, and a Lion Precision displacement sensor (model CPL-290) was used to measure 

the displacement of the vibration stage.  

The specification of the displacement sensor is given in Table 4.4. This displacement sensor was 

connected with a 5 mm diameter probe. The probe was supported by a probe-holder, which was glued on 

to the stationary part of vibration stage (Figure 4.8).  

Table 4.4 CPL-290 Specification [65] 

Linearity Error ±0.2% F. S. or better, dependent on calibration 

Error Band ±0.3% F. S. or better, dependent on calibration 

Probe Interchangeability Typical sensitivity variation for same probe model: 10% 

Typical Oscillator Frequency 
Probe cable < 12 feet: 1 MHz 

Probe cable > 12 feet: 500 kHz 

Thermal Stability 0.02% F.S./°F, 0.04% F.S./°C 

Coarse Zero Adjustment 

Range 

±10 VDC Fine Zero Adjustment Range ±1 VDC 

Meets ANSI/ASME B5.54 

Standard 

Yes Standard Bandwidth (-3 db) 
15 kHz 

-10%+30% 

Operating Temperature 4°-50°C Output Impedance 0 Ω 

Output Max Voltage ±13.5 

VDC 

Output Max Current 10 mA 
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Figure 4.8 Displacement Sensor Probe Holder 

The data collected by the displacement sensor was transmitted to the computer through a dynamic 

signal acquisition module and then analyzed by CutPro software. As shown in Figure 4.9, the amplitude of 

vibration varied with time and had an average value of zero. The peak-to-peak value of the displacement 

signal was recorded.  

 

Figure 4.9 Displacement Measured by CutPro 

When the frequency of the input voltage went beyond 11 kHz, the output signal of the amplifier 

was distorted. The experimentally obtained frequency response functions (FRF) of the vibration stage in X 
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and Y directions are shown in Figure 4.10. It was found that the stage displacement was amplified in the 

frequency range of 5-11 kHz. Under each frequency, the relationship between the displacement and the 

input voltage was calibrated. In the micro-milling experiment, the maximum input voltage was constrained 

to ensure a linear displacement-voltage relationship. 

 

Figure 4.10 Frequency Response Function of the Vibration Stage 

4.3. Experimental setup 

The vibration assisted micro-milling experiment was conducted on a MDA precision micro-

machining center (Figure 3.1 (a)) with a maximum spindle speed of 60,000 rpm. A two-flute diamond 

coated micro end mill (MICROCUT) with 3.175 mm diameter and 30º helix angle was used. The workpiece 

was BK-7 uncoated optical glass. The properties of the glass material are listed in Table 4.5. The workpiece 

was glued onto a small aluminate plate, which was clamped to the center of the vibration stage.  
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Table 4.5 BK7 Specification [66] 

Dimension Tolerance [mm] ±0.25 

Dimension [mm] 50 x 50 

Thickness [mm] 4.0 

Thickness Tolerance [mm] ±0.20 

Parallelism [arc min] 5 

Surface Accuracy 1λ 

Coating Uncoated 

Substrate N-BK7 

Wavelength Range [μm] 0.35-2.2 

RoHS C 

 

4.4. Machining Mechanism of Vibration Assisted Milling Process 

Figure 4.11 shows schematics of micro-milling with vibration assistance in the normal (Y) and feed 

(X) directions respectively, as well as the chip formation mechanism in the orthogonal representation. When 

the vibration is applied in the normal direction, the tool edge has a vertical displacement relative to the 

workpiece, therefore, surface generation is influenced by the tool’s indention beside the shearing 

mechanism. When vibration is applied in the feed direction, the relative motion between the tool and 

workpiece is only in the cutting direction, and the surface generation is dominated by the burnishing effect 

when the tool’s bottom edge rubs against the surface. 
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(a) Vibration in the Normal (Y) Direction. 

 

(b) Vibration in the Feed (X) Direction. 

Figure 4.11 Schematics of Micro-milling with Vibration Assistance in the (a) Normal and (b) Feed 

Directions. 

Figure 4.12 shows the tool tip trajectory with respect to the workpiece when the vibration assistance 

is provided in the normal direction. The solid curve is a combination of original tool tip motion (dashed 

line) and high frequency vibration motion in the normal direction. In the vibration assisted micro-milling 

process, if the tool edge radius is comparable with the amplitude of vibration, the surface is generated when 

the tool edge indents into the workpiece. The shaded area in Figure 4.12 shows the indentation volume. The 

indentation increases the hydrostatic pressure in the material deformation zone. As reported by M. Yoshino 

et al. [67], the hydrostatic pressure enhances the brittle-ductile transition of brittle material. Therefore, this 

experimental study is to test the hypothesis that the improvement of surface quality is a result of brittle-
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ductile transition due to the indentation of the tool edge into the workpiece when the vibration assistance is 

applied. 

 

 

Figure 4.12 Tool Tip Trajectory with respect to Workpiece with Vibration Assistance in Normal Direction. 

4.5. Experimental Process 

The cutting conditions of the experiment are listed in Table 4.6. A range of amplitudes and 

frequencies of vibration assistance were applied to investigate the effect of external vibration on the surface 

quality. When the uncut chip thickness exceeded the critical value corresponding to the brittle-ductile 

transition of the glass material, micro cracks were generated on the machined surface. The uncut chip 

thickness in the milling process was determined by the radial depth of cut and the feedrate. In this study, 

different values of feedrate and radial depth of cut were applied. The spindle speed and axial depth of cut 

were kept constant. For each cutting parameter, micro-milling tests were conducted under three vibration 

assistance conditions: no applied vibration, vibration in the normal direction, and vibration in the feed 

direction. The cutting tool edges were examined under the optical microscope after each test to avoid severe 

tool wear. All the tests were repeated three times to ensure repeatability of the results. 
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Table 4.6 Cutting Conditions 

Vibration 

Assistance 

Frequency (kHz) 5, 7, 8, 9, 11 

Amplitude (µm) 1.0, 1.2, 2.0, 4.0 

Feedrate (µm/tooth) 0.4, 0.5 

Radial Depth of Cut (µm) 15, 25 

Spindle Speed (rpm) 10,000 rpm 

Axial Depth of Cut (mm) 1.0 

 

4.6. Experiment Result 

4.6.1. Measurement of surface quality 

An SJ-210 Surface roughness tester was used to measure the roughness along the feed direction. 

The machined surface was cleaned to ensure the accuracy. Measurements for each experiment were 

performed at 7 different locations to get the average roughness. As the axial depth of cut was only 1.0 mm, 

in order to make sure the measurements were taken from machining area, the roughness tester was fixed on 

the spindle, and the workpieces were clamped by vice and with the movement controlled by the CNC 

(Figure 4.13). 

 

Figure 4.13 Measure Surface Roughness 
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In addition to the SJ-210, a Nanovea PS50 optical 3-D profilometer with 3.5 mm optical pen was 

also employed to observe the fractures on the machined surface. The workpieces were placed on the 50 x 

50mm stage. The machined surface was scanned at a speed of 2μm/s. Using NANOVEA 3D software, the 

surface’s profile and roughness were obtained.  

4.6.2. Result and analysis 

 (1) Effect of Vibration Direction and Amplitude on Surface Roughness 

Figure 4.14 shows the surface roughness with the vibration amplitudes of 1, 2 and 4 μm. A small 

feedrate of 0.5 μm/tooth was selected to ensure a ductile cutting mode. For each vibration amplitude, the 

surface roughness without external vibration, with vibration applied in the normal and feed directions were 

compared. The three squares shown in the figure represent repeated tests under no-vibration condition. 

When the vibration amplitude is 1 μm, the variation of surface roughness under the three vibration 

conditions is less than 2%, showing that vibration assistance with small amplitude is not effective. When 

the vibration amplitude increases to 2 and 4 μm, better surface quality is achieved with vibration assistance. 

When vibration assistance is applied in the normal direction, the surface roughness decreases by 45% when 

the vibration amplitude increases from 1 μm to 4 μm. However, the surface roughness does not change 

extensively when the vibration applied in the feed direction. Therefore, it is concluded that vibration 

assistance in the normal direction is the main factor enhancing surface quality improvement. Furthermore, 

it is found that the surface roughness values decrease asymptotically with the increase in vibration 

amplitude in the normal vibration mode. 
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Figure 4.14 Surface Roughness with Vibration Amplitude. (Frequency: 8 kHz, Feedrate: 0.5 μm/tooth, 

Radial depth of cut: 15 μm) 

(2) Effect of Vibration Frequency on Surface Roughness 

Figure 4.15 shows the surface roughness with respect to the frequency of the vibration with constant 

vibration amplitude. A frequency range of 5 to 11 kHz was applied.  Based on the calibrated FRF of the 

vibration stage, the vibration displacement at 5 kHz is minimum at 1.2 µm in the linear vibration range. 

Therefore, constant vibration amplitude of 1.2 µm is applied at all frequencies by adjusting the amplifier’s 

output voltage. It is found that the surface roughness reduces asymptotically when the frequency of applied 

vibration increases. 
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Figure 4.15 Surface Roughness with Vibration Frequency (Amplitude: 1.2 µm, Feedrate: 0.4 μm/tooth, 

Radial depth of cut: 25 μm) 

(3) Effect of Vibration on Surface Damage 

In order to determine the effect of vibration assistance on the brittle-ductile transition of glass 

material, an optical surface profilometer was used to investigate the surface damage after the milling process. 

A micro-milling tool with a small diameter (0.889 mm) was used to have brittle dominated milling process 

due to low structural stiffness. Different values of radial depth of cut, feedrate, vibration frequency and 

amplitude were used. Table 4.7 shows the conditions of two cutting tests, with the side surface profile 

presented in Figure 4-16 (a) and (b). Each surface figure corresponds to a single tool pass, with the left hand 

side representing vibration assisted milling in the normal direction, and the right hand side portion 

representing milling without vibration. The dark regions in the pictures show the voids left on the machined 

surface, which indicates occurrence of brittle deformation in the milling process. It is found that when the 

vibration is applied, surface damage decreases extensively. Therefore, it is concluded that vibration 
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assistance in the normal direction enhances the brittle-ductile transition of the material in the micro-milling 

of glass. 

Table 4.7 Surface Profile Measured by Optical Profilometer 

Axial Depth of Cut (mm) 0.5 

Spindle Speed (rpm) 10000 

FeedRate (µm/tooth) 1.0 

 Test (a) Test (b) 

Vibration 

Assistance 

Frequency (kHz) 4 11 

Amplitude (µm) 0.8 0.5 

Radial Depth of Cut (µm) 15 3 

 

 

(a)       (b) 

Figure 4.16 Comparison of Surface Profile with and without Vibration Assistance 

4.7. Summary 

This chapter investigates the machinability in 2-D vibration assisted micro-milling of optical glass. 

The experiments were conducted on BK-7 optical glass with 3.175 mm and 0.889 mm diameter milling 

tools. A two dimensional vibration stage was developed based on a thin-wall design with piezoelectric 
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actuators. The natural frequencies and mode shapes of the vibration stage were analyzed using a finite 

element method and the frequency response function of the vibration was experimentally calibrated. The 

effect of vibration direction, amplitude and frequency on the micro-milling performance was studied. The 

surface damage was characterized by the profilometer. The surface roughness was measured through a 

roughness tester. Base on the results, it is concluded that the vibration assistance in the normal direction is 

the main factor for the improvement of the surface quality. Furthermore, higher vibration frequency and 

amplitude result in lower surface roughness. 
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CHAPTER V 

 

 

CONCLUSIONS AND RECOMMENDATIONS 

 

5.1. Conclusion 

 This thesis presents an experimental study of the machinability in the micro-milling of typical 

amorphous materials, including Zr-BMG and BK-7 glass. A three-axis micro-milling machine was 

developed to achieve high spindle speed up to 160,000 rpm. In the machining of Zr-BMG, the effect of 

cutting condition on light emission was investigated, and the microstructure of the machined surface was 

characterized by XRD, SEM and metalloscope. The cutting conditions corresponding to the onset of 

material crystallization was determined and verified. The effect of mist-coolant on progressive tool flank 

wear was determined. The following conclusions are drawn: 

(1) Light emission in the micro-milling of Zr-BMG can be classified into 3 levels: no light emission, 

light without material melting, and light associated with melting. The first two levels do not cause 

crystallization on the machined surface material based on the XRD analysis. However, surface melting in 

the third level is associated with the crystallization, resulting in a cracked surface with voids. 

(2) The cutting conditions corresponding to the onset of surface crystallization is experimentally 

determined, and the results provide the spindle speed and feedrate values that do not cause modification of 

surface microstructure. 
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(3) High cutting temperature in the micro-milling of Zr-BMG causes fast tool flank wear. Applying 

mist-coolant reduces the tool wear rate by up to 75%, since it eliminates the heat in the machining process 

and decreases the friction. However, the efficiency of the coolant highly depends on the strength of the light 

emission. 

Vibration assisted micro-milling of BK-7 optical glass was performed. It is concluded that the 

vibration assistance in the normal direction causes the tool’s indentation into the workpiece, while vibration 

in the feed direction causes the burnishing effect on the surface. The indentation increases the hydrostatic 

pressure in the tertiary deformation zone, therefore enhancing the brittle-ductile transition of the workpiece 

material and improving the surface quality. A two dimensional vibration stage was developed based on 

thin-wall design with piezoelectric actuators. The frequency response function of the vibration was 

experimentally calibrated. The following conclusions were drawn based on the results: 

(1) Surface roughness decreases when vibration-assistance is applied in the micro-milling process. 

Vibration applied in the normal direction has a major effect on the surface quality improvement due to the 

application of hydrostatic pressure. 

(2) When vibration is applied in the normal direction, higher vibration amplitude results in higher 

hydrostatic pressure in the tertiary deformation zone, therefore reducing the surface roughness. Higher 

frequency in the applied vibration reduces the waviness of the surface and improves the surface quality.  

(3) The characterization of surface damage proves the enhancement of brittle-ductile transition 

when normal vibration is applied in the micro-milling of glass material. 

5.2. Recommendations for Future Work 

In the VAM process, the periodic separation between the tool and the workpiece causes high-

frequency variations in the temperature and stress in the material deformation zone. The effect of VAM on 

chip formation and surface generation in the machining of BMG materials is suggested for future 
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investigation. Furthermore, the real-time measurement of temperature is a challenge due to the small size 

of the cutting area and high-frequency tool-workpiece contact in the micro-milling of BMG. The commonly 

used infrared camera has limitations in both spatial and temporal resolutions. New techniques for 

determining the cutting temperature need to be investigated to study the material removal mechanism in 

the micro-milling of BMG.  
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